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« C’est une folie de haïr toutes les roses parce qu’une épine vous a piqué, 
d’abandonner tous les rêves parce que l’un d’entre eux ne s’est pas réalisé, 
de renoncer à toutes les tentatives parce qu’on a échoué. 
C’est une folie de condamner toutes les amitiés parce qu’une vous a trahi, 
de ne croire plus en l’amour juste parce qu’un d’entre eux a été infidèle, 
de jeter toutes les chances d’être heureux  
juste parce que  quelque chose n’est pas allé dans la bonne direction. 
Il y aura toujours une autre occasion,  
un autre ami, un autre amour, une force nouvelle. 
Pour chaque fin il y a toujours un nouveau départ. » 
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 v Abstract 
Abstract 
 
In the last years, the research in food science and nutrition has grown parallel to the 
consumers’ concern about the quality and safety of the food they eat. As a result, ensuring 
food safety, food quality and investigating on nutrition has never been more necessary than 
today. More powerful analytical procedures are now required to detect and identify 
undesired and toxic compounds. Moreover, consumers demand is now moving toward the 
valorization of food with potential health benefits. The identification of bioactive 
compounds is crucial to provide customers a healthy diet. Finally, one of the main challenges 
is to improve our limited understanding of the roles of nutritional compounds at molecular 
level. Food scientists have to face a large number of challenges to adequately answer the 
new emerging questions of food science. In this context, mass spectrometry showed to be a 
powerful tool for the investigation on food quality, safety and nutrition.  
The technical developments of chromatography coupled to mass spectrometry allowed 
several progresses for the detection of both endogenous compounds and contaminants in 
food. However, the main progress was due to high resolution mass spectrometry, a promising 
technique that has opened new horizons in screening and identification of a wide range of 
unknowns compounds. Mass spectrometry-based metabolomics is a key tool that has been 
involved, nowadays, in the study of the food and nutrition domains. As per definition, 
metabolomics includes the exhaustive study of the whole small metabolite composition of a 
particular system, the food metabolome is not an exception, being rich of endogenous and 
exogenous compounds with different properties and abundances. Nowadays, three main 
approaches for the screening of substances can be pointed out: targeted screening (analysis 
of few known compounds), suspected screening (analysis of a class of expected compounds) 
and untargeted screening (analysis of a wide range of unknown and unexpected compounds).  
In this thesis, the three approaches have been studied in details to understand their 
difficulties, advantages and disadvantages for the analysis of food metabolome. Several steps 
have been proved to be necessary for the development of a reliable analysis such as sample 
preparation, chromatographic and mass spectrometric method, data analysis and 
identification. The thesis is then divided in three main sections: targeted approach for food 
safety, suspected approach for food quality, untargeted approach for nutrition. In each 
section, one of the three main approaches used in food metabolomics has been studied for 
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its application on one of the three different food analysis fields. Moreover, each topic has 
been treated focusing the attention on a specific step of the method development.  
The topic of metabolomics for food safety has been studied in a targeted approach by 
developing a method for the analysis of secondary metabolites of fungi, namely mycotoxins, 
in food (Paper I and II). A particular material for the clean-up of mycotoxins for their 
quantification in milk and cereals was presented.  
The topic of metabolomics for food quality has been treated in a suspected approach by 
developing a method for the analysis of several classes of secondary metabolites of plants 
such as phenolic acids, flavonoids, and glucosinolates in food (Paper III, IV and V). The 
development of a chromatographic and mass spectrometric method for the metabolic  
profiling of strawberry and cauliflower was presented.  
The topic of metabolomics for nutrition has been treated in an untargeted approach by 
developing a method for the analysis of the human urinary metabolome after the 
consumption of meat and dairy products. Several data analysis approaches have been shown 
for the investigation of the whole urinary metabolome.  
Ultimately, it has been shown how several aspects should be taken into account when 
analyzing complex matrices like food through different approaches. Sample preparation, 
chromatographic and mass spectrometric methods and data analysis have to be treated in 
different ways based on the used approach. In each case, the advantages of each technique 
can be exploited based on the purpose of the study. However, aside from the challenges that 
have to be faced, mass spectrometry-based metabolomics can definitely represent a powerful 
tool for food safety, quality and nutrition.  
 1 Chapter 1: Background 
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1 Food safety, quality and nutrition 
 
In the last years, the awareness of the impact of food on health has led to an increased 
interest on food safety and quality assessment. Research in food science and nutrition has 
grown parallel to the consumers’ concern about the safety of the food they eat. The 
complexity of this issue is due to the globalization and the movement of food and related 
raw materials worldwide generating several contaminations. Moreover, many products 
contain multiple and processed ingredients, which are often shipped from different parts of 
the world, and share common storage spaces and production lines. As a result, ensuring the 
safety, quality, and traceability of food has never been more complicated and necessary than 
today. 
The first goal of food science has traditionally been, and still is, to ensure food safety. 
The new European regulations in the European Union countries (e.g., Regulation EC 258/97 
or EN 29000 and subsequent issues), the Nutrition Labeling and Education Act in the USA, 
and the Montreal Protocol have had a major impact on food laboratories. Consequently, more 
powerful, cleaner, and cheaper analytical procedures are now required by food chemists to 
detect and identify undesired compounds such as toxic or dangerous contaminants. Several 
classes of contaminants of both natural and synthetic origin can be detected in food. 
Detection and quantification at low levels of these contaminants is crucial for the assessment 
of the safety of the food available on the market [1].  
Aside from the detection of toxic compounds, consumers demand is now moving toward 
the valorization of food with potential health benefits. Today, food is considered not only a 
source of energy but also an affordable way to prevent future diseases. The importance of 
the relationship between food and health is demonstrated by the development of several 
scientific fields such as nutraceutics. The characterization of food and the identification of 
compounds believed to benefit human health is crucial for both the food and the dietary 
integrators market, to provide customers with a healthy, balanced diet. To give an adequate 
answer to the rising consumer demands, food and nutrition researchers around the world are 
facing increasingly complex challenges that require the use of the best available science and 
technology. The new methodologies and the new generated knowledge derived from this 
trend is impressive and it includes, for example, the possibility to account for food products 
tailored to promote the health and well-being of population [1, 2]. 
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Food scientists and nutritionists have to face a large number of challenges to adequately 
answer the new questions emerging from this new field of research. One of the main 
challenges is to improve our limited understanding of the roles of nutritional compounds at 
molecular level. Interaction of modern food science and nutrition with disciplines such as 
pharmacology, medicine, or biotechnology provides impressive new challenges and 
opportunities. Researchers in food science and nutrition are moving from classical 
methodologies to advanced analytical methodologies such as “omics” approaches and 
bioinformatics, frequently together with in vitro, in vivo, and/or clinical assays to investigate 
topics in food science and nutrition that were considered unapproachable few years ago [1].  
 
 
2 Food safety  
 
The Food and Agriculture Organization (FAO) and the World Health Organization 
(WHO) define the concept of "food security" as "physical and economic access by all people 
at all times to sufficient, safe and nutritious food to cover their dietary needs and food 
preferences for an active and healthy life" [3].  
In developed countries, where access to enough food seems guaranteed, it is the aspect 
related to food safety the matter of concern. At the beginning of the century, the safety of 
the food became a priority for both consumers and public administrations. This was mainly 
due to the incredible change in production systems, technologies and eating habits. Intensive 
land use and industrial production led to the presence of chemical contaminants in food due 
to both environmental pollution and industrial food processing.  
Although the main source of food contamination is due to abiotic pollution, resulting from 
the presence of chemicals and their metabolites, biotic contamination can also strictly affect 
food safety. Bacteria or fungus can indeed produce some dangerous toxins that could 
contaminate several kinds of foods.  
In the next paragraphs, a brief overview of the typical contaminants that are often 
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2.1 Abiotic contaminants 
 
Scientific and technological advances have led to the development of new chemical 
compounds that, despite offering benefits in various areas, could also be potentially toxic. 
All these chemical compounds may enter into the environment in different ways and, being 
able to resist to photochemical and biological degradation, they persist in the environment 
and they bioaccumulate in living systems.  
Environmental contaminants can be present in air, water or soil, then easily entering the 
food chain, posing an acute health risk if present at high concentrations. The major concern 
related to the presence of environmental contaminants in foods is their potential endocrine 
disruption, carcinogenic and other chronic effects. 
Traditionally, attention to chemical contamination has focused on conventional 
pollutants, i.e., those regulated due to the large volume in which they are issued. However, 
it is noteworthy that another large group of chemical contaminants, not being present in the 
environment at high concentrations, have harmful effects on it and on the health of living 
systems. These pollutants are included within the so-called "emerging contaminants", a term 
that refers to all those pollutants that are not currently regulated by law in full, but might be 
candidates for a future regulation since it is believed or intuited that could be potentially 
harmful for environment or health [4, 5]. Within the chemical pollutants we can find different 
groups such as for example pharmaceuticals, personal care products, drugs of abuse, 
hormones, surfactants, heavy metals, polyfluorinated compounds, polycyclic aromatic 
hydrocarbons, brominated flame retardants, organochlorine compounds, plasticizers and 
additives[6]. Among all these classes of chemical pollutants, pesticides and veterinary drugs 
are two of the classes of major concerns when dealing with food safety. 
The use of pesticides has become an integral part of modern agriculture to increase crop 
yields and quality by controlling various pests, diseases and weeds. Although pesticides are 
crucial for fighting hunger and disease, it cannot be ignored their toxicity to living organisms 
that can undergo their harmful effects through the environment or food treated with these 
compounds. The toxic effects of pesticides depend on the dose, route of exposure and 
exposure time. Approved uses of pesticides following good agricultural practices should 
result in pesticide residues below maximum residue limits established in a given country. 
Several compounds belonging to the class of veterinary drugs can be detected in animal 
derived food. These drugs, which are administered to live animals, can remain as residues in 
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animal tissues. The major classes of veterinary drugs include antibiotics, anthelmintics, 
coccidiostats, nonsteroidal anti-inflammatory drugs, sedatives, corticosteroids, beta-agonists 
and anabolic hormones. Some of these drugs are carcinogenic, some other show endocrine-
disrupting effects, certain antibiotics can cause severe allergic reactions in sensitive 
individuals and increase the risk that pathogenic microorganisms become resistant to 
antibiotics. Therefore, parent drugs and in some instances, their metabolites are either 
banned in animal-derived foods or regulated as maximum limits when the drugs are 
approved for use. 
Finally, other contaminants in food could be derived from processes like food processing, 
migration of contaminants from packaging to food or food additives and food adulteration.  
 
 
2.2 Biotic contaminants  
 
Toxins are naturally occurring substances that can be classified in several groups based 
on the organisms they are produced by. They can be either plant toxins, bacterial toxins, 
marine biotoxins (phycotoxins) or fungal toxins (mycotoxins). While the bacterial/fungal 
contamination can be eliminated with heat treatment, the toxins can remain permanently in 
the food product as contaminants, representing one of the major concerns in foods.   
Among plant toxins there is a large number of structurally similar compounds such as the 
about 500 pyrrolizidine alkaloids. Plant toxins are still analytically interesting because 
several studies showed their presence in several foods[7]. Also, marine biotoxins, highly 
toxic compounds produced by phytoplankton, are monitored and regulated by certain limits 
because of their toxicity to humans. Finally, mycotoxins are secondary metabolites produced 
by filamentous fungi (molds) that can colonize various crops, resulting to be pose a health 
concern for humans.  
Mycotoxins are formed frequently in field crops during the growing season and are 
unavoidable as a result of our inability to control the environmental and crop susceptibility 
factors that allow for their production by toxigenic, plant pathogenic fungi. They are of 
concern mainly in cereals, nuts, infant formula, milk, dried fruit, coffee, fruit juice and 
wine.[8] Fungal toxins comprise one of the major sources of food poisoning in humans, 
agricultural animals and wildlife. The impacts of these naturally occurring toxins range from 
acute disease and deaths to chronic disease with production of tumors and significant 
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immunosuppression underlying the occurrence of other infectious bacterial and fungal 
diseases. The risks associated with these mycotoxins occurring in field crops, foods, feeds 
and animal products impacts both food safety and economic aspects of the marketing of 
grain for food and feed (Figure 1.1). Thus, food and feed manufacturers have a great concern 
for the occurrence of mycotoxins in the commodities used in their products. There are many 
mycotoxins, but only a few are currently regulated, with the European Union, having a more 
comprehensive list than most other countries, which includes aflatoxins, ochratoxin A, 
patulin, deoxynivalenol, zearalenone, fumonisins and T-2/HT-2 toxins[9]. Despite the 
limited number of regulated mycotoxins, there is considerable interest in a more widespread 
screening, as there is evidence to suggest that a wide range of fungal metabolites and 
conjugates can occur naturally in foods.  
 
 




3 Food quality  
 
The term “food quality” includes multiple aspects of food such as composition, aroma, 
flavour, taste, or food properties like bioactivity. One of the key aspects in assessing food 
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composition is aroma determination, due mostly to volatile compounds, and taste 
determination, due mostly to non-volatile compounds. Compounds contained in foods are of 
great importance as they are highly relevant for the perceived overall quality of a particular 
product. Besides the sensorial aspects, assessing the composition of food is important to 
obtain a comprehensive profiling of a specific food product, that it is essential in order to 
assess food variety and origin. Finally, the comprehensive profiling of a food product, 
together with an investigation on the relationship between its composition and the effect on 
human health, has an important role in the assessment of food quality. The detection and 




3.1 Bioactive compounds 
 
In the recent years, several studies showed that food does not only provide adequate 
nutrients to meet the metabolic requirements of the body, but it can also contribute to the 
improvement of human health. The identification of compounds believed to benefit human 
health is crucial to provide a healthy balanced diet.  
These compounds are usually referred to as bioactive compounds or nutraceuticals. 
Biesalski et al. [11] defined as bioactive those “compounds that are essential and 
nonessential (e.g., vitamins or polyphenols) that occur in nature, are part of the food chain, 
and can be shown to have an effect on human health”. More specifically, the compounds 
showing positive effects instead should be designated by the term “nutraceuticals” [12]. 
Nutraceuticals can be found in foods of both animal and vegetal origin (the latter being 
currently referred to as “phytochemicals”). The term “phytochemicals” refers to plant-
derived compounds that are not considered essential nutrients, but have been demonstrated 
to have beneficial health effects. Plants synthesize a vast range of organic compounds that 
are traditionally classified as primary and secondary metabolites. Primary metabolites are 
compounds that have essential roles associated with photosynthesis, respiration, and growth 
and development. These include phytosterols, acyl lipids, nucleotides, amino acids and 
organic acids. Other phytochemicals are referred to as secondary metabolites and their 
function appears to have a key role in protecting plants from herbivores and microbial 
infection, as attractants for pollinators, as UV protectants, etc. Secondary metabolites are 
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also of interest because of their use as dyes, fibers, glues, oils, waxes, flavoring agents, drugs 
and perfumes, and they are viewed as potential sources of new natural drugs, antibiotics, 
insecticides and herbicides [13] [14]. In recent years, the role of some secondary metabolites 
as protective dietary constituents has become an increasingly important area of human 
nutrition research. There is an increasing evidence that modest long-term intakes of some 
phytochemicals can have favorable impacts on the incidence of cancers and many chronic 
diseases, including cardiovascular disease and Type II diabetes. Based on their biosynthetic 
origins, plant secondary metabolites can be divided into three major groups: flavonoids and 
allied phenolic and polyphenolic compounds, nitrogen-containing alkaloids and sulphur-
containing compounds and terpenoids [15].  
 
 
3.1.1 Phenols, phenolic acids, polyphenols  
Plant phenolics are biosynthesized almost exclusively via the shikimate pathway (Figure 
1.2). The shikimate pathway is an essential metabolic route by which plants, fungi and 
bacteria synthesize the aromatic amino acids phenylalanine, tyrosine and tryptophan, as well 
as a number of other aromatic compounds which are critical to sustaining the primary 
functions of living organisms. The intermediates of the shikimate pathway also serve as 
starting points for biosynthesis of a vast number of plant and microorganism secondary 
metabolites which, although not critical to the immediate survival of the producing 
organism, however help it in different ways to maintain its position in ecological 
environment [16]. The majority of these shikimate-derived substances are formed from the 
end products of the shikimate pathway, i.e. the aromatic amino acids. Phenolics are one of 
the most important groups of secondary metabolites in plants. From a structural point of 
view, phenolic compounds include a wide range of substances: simple phenols, phenolic 
acids, phenylpropanoids, coumarins, quinones, flavonoids, tannins, and other miscellaneous 
phenols [17]. Phenolics having a basic structure of a three-carbon side chain on an aromatic 
ring (C6-C3 skeleton) are known collectively as phenylpropanoids and are probably the most 
common shikimate metabolites. In plants, phenylalanine ammonia lyase converts 
phenylalanine to trans-cinnamic acid, which is the precursor of thousands of phenolic 
compounds, including simple phenolics, phenylpropanoids, and flavonoids. Hydroxylation 
of cinnamic acid produces p-coumaric acid, which can be further hydroxylated and 
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methylated to form caffeic, ferulic, and sinapic acids. These simple phenylpropanoids are 
the building blocks of the complex polymers such as suberins and lignins. Stilbenes and 
flavonoids are formed by condensation of a phenylpropane unit with a unit derived from 
acetate via malonyl-coenzyme A. Flavonoid metabolism (Figures 1.2 and 1.3) is composed 
of a number of branch pathways leading to isoflavonoids, flavonols, proanthocyanidins 
(condensed tannins), and anthocyanins [18]. 
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Phenolic acids are organic acids containing two distinguishing constitutive carbon 
frameworks: the hydroxycinnamic and hydroxybenzoic structures. Even if the basic skeleton 
remains the same, the numbers and the positions of the hydroxyl groups on the aromatic ring 
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Figure 1.3: Flavonoid biosynthesis 
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Hydroxycinnamic acids are ubiquitously found in fruits, vegetables, and cereals [19], and 
the major are p-coumaric, caffeic, ferulic, and sinapic acids.The benzoic acid derivatives, 
such as gallic, syringic, vanillic, and salicylic acids, although not strictly phenylpropanoids 
themselves because they lack the three carbon side chain, originate from the 
phenylpropanoids cinnamate and p-coumarate [20] 
Flavonoids are polyphenolic compounds comprising fifteen carbons, with two aromatic 
rings (rings A and B in Figure 1.3) connected by a three-carbon chain that forms a closed 
pyran ring (heterocyclic ring containing oxygen, the C ring) with ring A. Therefore, their 
structure is also referred to as C6-C3-C6. They can be subdivided into different subgroups 
depending on the carbon of the C ring on which B ring is attached, and the degree of 
unsaturation and oxidation of the C ring. Flavonoids in which B ring is linked in position 3 
of the ring C are called isoflavones; those in which B ring is linked in position 4, 
neoflavonoids, while those in which the B ring is linked in position 2 can be further 
subdivided into several subgroups on the basis of the structural features of the C ring. These 
subgroup are: flavones, flavonols, flavanones, flavanonols, flavanols or catechins and 
anthocyanins. Finally, flavonoids with open C ring are called chalcones. In each subgroup 
flavonoids can be differentiated based on the substituents on rings A and B [21]. Hydroxyl 
groups are usually present at the 4, 5 and 7 positions. Sugars are very common with the 
majority of flavonoids existing naturally as glycosides. Whereas both sugars and hydroxyl 
groups increase the water solubility of flavonoids, other substituents, such as methyl groups, 
make flavonoids lipophilic. Their biological activities depend on the structural features of 
the ring B and the patterns of glycosylation and hydroxylation of the three rings, making the 
flavonoids one of the most diversified groups of phytochemicals [22]. Although flavonoids 
are ubiquitous in higher plants, their substitution with specific groups may be peculiar to 
certain species. 
Tannins are a group of polyphenols possessing 12±16 phenolic groups and 5±7 aromatic 
rings per 1000 units of relative molecular mass [23]. This feature, together with their high 
molecular weight, clearly makes the tannins and similar phenolic polymers different both in 
structure and properties from the low-molecular-weight phenolic acids and monomeric 
flavonoids [24]. The observation that many tannins can be fractionated hydrolytically into 
their components led to the classification of such tannins as ‘hydrolyzable tannins’, whereas 
nonhydrolyzable tannins are classified as condensed tannins. Ellagitannins (ETs), which 
belong to the hydrolyzable tannin class of polyphenols, are complex derivatives of ellagic 
 12 Chapter 1: Background 
acid. Hydrolysis of ETs with acids or bases yields hexahydroxydiphenic acid (HHDP), 
which spontaneously lactonizes to ellagic acid (Figure 1.4). ETs constitute a complex class 
of polyphenols characterized by one or more HHDP moieties esterified to a sugar, usually 
glucose and usually linked to galloyl residues. ET compounds have an enormous structural 
variability due to the different possibilities for the linkage of HHDP residues with the 
glucose moiety, and to their tendency to form oligomeric derivatives. The antioxidant 
efficiency of ETs and ellagic acid is directly correlated with their degree of hydroxylation 
and decreases with the presence of a sugar moiety. They are abundant in some fruits, nuts 
and seeds such as pomegranates, raspberries, strawberries and almonds [25]. 
 
 
Figure 1.4: Hydrolysis and spontaneous lactonization of HHDP in ETs [26]. 
 
Proanthocyanidins (PAs) belong to the class of condensed tannins. They can be divided 
into several classes based on the hydroxylation of their constitutive units (flavan-3-ols) and 
the linkages between them. The most common constitutive units are (epi)catechins, 
(epi)gallocatechins, and (epi)afzelechins, leading to procyanidin, prodelphinidin, and 
propelargonidin structures, respectively (Figure 1.5). Flavan-3-ol units are most frequently 
linked via B-type bonds, that is, C4-C8 or C4-C6 linkages. Occasionally, an additional C2-
O7 or C2-O5 linkage may exist, leading to doubly bonded A-type PAs. The physical, 
chemical, and biological features of PAs depend largely on their structure and particularly 
on their degree of polymerization. PAs are powerful antioxidants, but they have also been 
reported to demonstrate antibacterial, antiviral, anticarcinogenic, anti-inflammatory, and 
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vasodilatory activities. They are widely present in the plant kingdom, for example, in fruits, 








Glucosinolates (GLSs) have been found mainly in the order Capparales, which includes 
broccoli, rape and most notably salad and herb species, such rocket salad or rucola, of the 
Brassica genus [28, 29]. They are nitrogen- and sulfur-containing secondary metabolites 
playing crucial roles in plant development as well as in the interaction of a plant with its 
biotic and abiotic environment. GLSs, also known as (Z)-N-hydroximinosulfate esters, 
consist of a common glycone group and a variable aglycone side chain (R) derived from 
amino acids, in particular methionine, phenylalanine, tyrosine, and tryptophan [30]. The 
glycone is characterized by a thioglucose and a sulfonated oxime group, both attached to the 
C-2 carbon of the parental amino acid. The thioglucose can be conjugated to some phenolic 
acids such as cinnamic acid, coumaric acid, etc. All GLSs are permanently negatively 
charged as a common sulfate moiety is present (Figure 1.6). To date, more than 120 different 
GLSs have been identified and classified as aliphatic, aromatic, v-methylthioalkyl and 
heterocyclic (e.g., indole) according to the type of side chain (R) [29]. GLSs are hydrolyzed 
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by endogenous thioglucosidases, called myrosinases, to produce a wide range of degradation 
products (isothiocyanates, nitriles, epithiocyanates, oxazolidine- 2-thiones, and 
thiocyanates) with diverse biological activities. Frequent consumption of high-GLS-content 
vegetables is associated with a lowered risk of cancer and cardiovascular disease [31].  
 
 
Figure 1.6: Typical structure of a generic GLSs, where the –R moiety can be substituted 




4 Food and nutrition 
 
Nowadays, food is investigated not only as a source of energy but also as a potential 
health promoter. Interest in nutrition and health has grown considerably, as evidenced by a 
rapid proliferation of studies examining nutritional exposures in relation to several diseases 
[32].  
The first studies on diet and health evaluated correlations between country-specific 
diseases rates and food consumption patterns. These ecologic studies utilized aggregate data 
to identify possible relationships and generate hypotheses. However, ecologic studies are 
highly susceptible to confounding, where the observed relationship between two factors is 
actually caused by a third (or more) factor(s). Case-control studies, in which diseases cases 
are compared, for a limited period, with healthy controls derived from the same source 
population from which the cases arose, improve on ecologic studies. However, even this 
approach is problematic because dietary assessment occurs after diagnosis. A key 
development in nutritional epidemiology over the past two decades has been the increase in 
results from large prospective cohort studies. In these studies, a cohort of healthy individuals 
is assembled and exposures are assessed at baseline, then the cohort is followed over time 
and diseases cases are identified as they develop. A disadvantage of cohort studies is that 
they must be very large and have long follow-up time to accrue sufficient numbers of disease 
cases. In addition, many dietary factors are consumed together, which can make it difficult 
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or impossible to isolate the effect of one specific factor. In contrast to observational studies, 
in experimental studies the investigator controls the assignment of subjects to the treatment 
or control group. Randomized clinical trials are often considered the “gold standard” when 
testing hypotheses because proper randomization theoretically results in treatment and 
control groups that are similar in all ways except the intervention, and observed associations 
can be directly attributed to the intervention. However, a randomized clinical trials can only 
test a specific intervention, in a specific population, over a relatively short period of time. A 
common approach in nutritional epidemiology has been to use results of observational 
studies to identify nutrients or other dietary factors that modify the risk of diseases, and then 
test these factors in a clinical trial. Observational and experimental studies both contribute 
to our knowledge of nutrition and health, and no single study can provide a definitive answer.  
Finally, measurement error is another considerable problem for both case-control and 
cohort studies of diet. There are three main methods of assessing diet in epidemiologic 
studies: the food diary (participants record what they consume over a period of time); the 
dietary recall (participants report what they consumed during a preceding period); and the 
food frequency questionnaire (listing of foods for which participants report the usual 
frequency and amount of consumption)n. Dietary assessment relies on the ability of 
individuals to recall a complex collection of exposures and is known to contain measurement 
error. The use of food frequency questionnaires in studies of diet and diseases and the 
possible impact of measurement error, needs to be considered when interpreting results of 
observational studies.  Due to this complexity it is probably too early to conclude on the 
relationships between many substances and health. Several of the health benefits assigned to 
many dietary constituents are still under controversy as can be deduced from the large 
number of applications rejected by the European Food Safety Authority (EFSA) [33] about 
health claims of foods and ingredients [34]. More scientific evidences are needed to 
demonstrate the claimed beneficial effects of the constituents of food. 
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1 Liquid chromatography-mass spectrometry 
developments 
 
Over the past 20 years there have been a number of key developments in mass 
spectrometry (MS) which have led to step-changes in the way food analysis has been 
conducted [35]. 
The development of electrospray (ESI) and atmospheric pressure chemical ionization 
(APCI) interfaces, together with progressive improvements in MS designs, opened up liquid 
chromatography-mass spectrometry (LC-MS) to the wider analytical community, because 
of the possibility of ionize and detect the widest range of molecules. Latterly, further 
improvements have seen movement from LC-MS to LC tandem MS (MS/MS), which has 
now become the standard approach to characterize the molecular structure of the analytes. 
Another step change has been the development of high-resolution mass spectrometry 
(HRMS) through time-of-flight (TOF) instruments in the form of LC-TOF MS in various 
configurations [36], together with the development of Orbitrap technology [37], that allowed 
the detection of masses until 1-2 ppm of error, thus giving the possibility of identify 
unknown compounds. The same trend with HRMS has been shown, in the last few years, in 
terms of software being progressively improved. HRMS together with dedicated software 
for data analysis allowed a more comprehensive analysis and characterization of complex 
matrices. Finally, the coupling of MS with ultra-high performance liquid chromatography 
(UHPLC) also allowed to obtain new important results for the analysis of complex biological 
matrices, such as food products. Several advantages and limitations of the different LC-MS 
techniques in their application to food safety and quality have been assessed [38].  
In the next paragraphs, LC and MS techniques will be discussed in detail, together with 
their application in food safety, quality assessment and in nutrition. 
 
 
2 Liquid chromatography 
 
When analysing complex mixtures by means of MS, a good upstream separation process 
is critical for detection of as many compounds as possible. Chromatographic separation is 
needed when using ESI, to avoid the ionization suppression observed when too many 
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substances are present in the ionization source simultaneously (see the next paragraphs). In 
this context, chromatographic techniques are the most suitable for small molecules 
separation because several differences among molecules can be exploited, such as 
differences in hydrophobicity and charge. The LC is probably the most widely used 
separation technique in both analytical and research laboratories. It is used for the separation 
and determination of compounds in very different areas of science such as food analysis. 
 The fundamental chromatographic principle involves the different affinity of a 
compound to two phases, one stationary and one mobile phase located within a separation 
column. Analytes move through the chromatographic column by means of a certain flow of 
mobile phase. The column contains a stationary phase, sometimes in the form of polymerized 
monoliths or, more often, small particles which carry functional groups. Each compound 
undergoes a different deal between the stationary phase and the mobile phase. If the analyte-
stationary phase interaction is stronger than the analyte-mobile phase interaction, the analyte 
will be attracted to the stationary phase and will thus be retained, otherwise it will be eluted 
by the mobile phase. In practical terms, the stationary phase is kept constant, whereas the 
mobile phase composition is varied in a gradient over time. Hence, physicochemical distinct 
molecules can be separated in timely manner by sequential elution off the column.  
Depending on the interaction phenomenon that occurs with the stationary phase, it is 
possible to differentiate various types of LC: distribution, ion exchange, adsorption, 
molecular exclusion, affinity or chiral. Given the high resolving power and volatile solvent 
components compatible with online coupling to the mass spectrometer, the stationary phase 
generally used in LC-MS setups is reversed-phase. In the typical reversed-phase 
chromatography setup, columns are packed with silica beads which are functionalized with 
hydrophobic C18 alkyl chains. In reversed-phase the elution is based on hydrophobicity, and 
it is achieved by increasing the concentrations of the organic modifier (e.g. acetonitrile ACN) 
in the mobile phase.  
Among the major drawbacks of conventional LC, despite its high popularity, there are 
the high consumption of solvents and sample needed to perform the chromatographic 
separation and the low sensitivity obtained with some detection systems due to dilution of 
the sample in the mobile phase. These drawbacks can be largely resolved by 
chromatographic columns of reduced internal diameter and packed with smaller sized 
particle. This LC mode, known as UHPLC, allowed to obtain several advantages such as: 
lower consumption of sample, mobile phase, and stationary phase; increased thermostatting 
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capacity, which allows maintaining a certain constant temperature throughout the column;  
increased sensitivity due to the fact that the lower volumes of mobile phase used (due to the 
smaller internal diameter of columns) make a smaller dilution of the sample and thus a more 
concentrated sample reaches the detector; increased efficiency because of a greater number 
of theoretical plates and thus decreased peak width; higher permeability achieved with the 
use of smaller particles. Moreover, UHPLC chromatography also makes easier to interface 
the chromatographic system to the mass spectrometer. UHPLC development has required 
several modifications of the classical HPLC instrumentation. The most obvious is the 
construction of systems capable of handling the increased pressure. The new UHPLC 
instruments are capable of operating at pressures up to 1500 bar, compared to about 200 bar 
for traditional HPLC. It is also important to reduce the dead-volume sites in the system, to 
limit peak broadening. Electronics have also been upgraded to accommodate faster data 
collection as the peak widths can be as much as 10 times smaller than that seen with 
traditional HPLC systems, thus requiring a much more rapid data collection interface[39, 
40].   
 
 
3 Mass spectrometry 
 
MS is a highly sensitive instrumental technique and its use as a detector offers clear 
advantages over detectors traditionally used in LC. Firstly, the high sensitivity allows to 
determine compounds usually present at very low concentrations. Secondly, the possibility 
of determine the mass of the analytes, together with the fragmentation pattern, provides the 
unambiguous identification of the compounds of interest. 
MS fundamental task is the separation of previously ionized molecular or atomic particles 
according to their mass to charge ratio (m/z). The process occurring in a mass spectrometer 
comprises three stages, as shown in Figure 2.1: sample ionization to charge the analytes, that 
takes place in the ion source; acceleration of the ions by an electric field and separation 
according to their m/z ratio, that takes place in the analyzer; detection of ions and production 
of an electrical signal taking place in the detector [41].   
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 In the next paragraphs, a brief overview of the instruments that will be mentioned in the 
next chapters will be presented. 
 
 
Figure 2.1. Basic scheme of a mass spectrometer[42].  
 
 
3.1 Ionization sources 
 
The main ionization sources available for the analysis of polar-medium polar compounds 
are matrix assisted laser desorption ionization (MALDI), APCI, and ESI. In the present 





Despite numerous sources currently available for ionization, ESI ionization is the 
technique that allows the ionization of the widest range of molecules, therefore it is the most 
commonly used. In Figure 2.2 the ESI ionization process is schematically shown.  
In the initial step of the ionization process, the analyte solution passes through a thin 
conductive capillary to which a voltage of a few kV is applied. The influence of the electric 
field on the liquid on the tip of the capillary, in conjunction with the surface tension, causes 
the formation of a Taylor cone. The potential difference between the capillary and the 
counter electrode pulls the positive ions to the surface of the solvent. Once the electric field 
overcomes the surface tension, the Taylor cone emits a solvent jet. The tip of the jet is 
inherently unstable and collapses into charged droplets. A number of parameters, including 
the applied potential, the solution flow rate and solvent properties, influences the diameter 
of the formed droplets. 
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Solvent evaporates from these droplets until the charge density on the surface of the 
droplets reaches the Rayleigh limit. Once this limit is passed, the Coulombic repulsion force 
is greater than the surface tension causing the droplet to undergo fission into smaller droplets, 
the so called Coulombic explosion. These small, highly charged droplets will continue to 
lose solvent, and when the electric field on their surface becomes large enough, desorption 
of ions from the surface occurs. As ESI is a soft ionization source, gaseous ions formed are 
generally protonated or deprotonated molecules depending on selected ionization polarity 
mode [43]. Once the compounds are ionized, they can be separated according to their m/z 
ratios in the mass analyzer. 
 
 
Figure 2.2. ESI ionization process [44]. 
 
ESI ionization is a liquid phase ionization because the ionization takes place in the 
solution itself. This is one of the main advantages of this ionization technique, since it enable 
the on-line coupling of LC to a mass spectrometer. As mentioned before, the upstream 
chromatographic separation is required to be efficient. Indeed, when too many analytes are 
ionized simultaneously, whether it is due to more abundant molecules or contaminants, only 
the most hydrophobic molecules are ionized [45]. Thus, a good separation is needed to avoid 
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3.2 Mass analyzers 
 
Several mass analyzers have been proposed during history such as ion trap (IT), 
quadrupole, Fourier transform (FT), TOF and Orbitrap. Among the different analyzers, 
Triple quadrupole (QqQ), Orbitrap and quadrupole-TOF (qTOF) were used in the PhD 




3.2.1 Triple quadrupole  
 
The quadrupole analyzer is a device that uses the stability of the trajectories of ions in 
oscillating electric fields to separate them according to their m/z ratios.  
Quadrupole analyzers are made up of four perfectly parallel cylindrical rods serving as 
electrodes as shown in Figure 2.3. A direct current is applied to the four rods, whilst a 
variable radiofrequency is applied to each pair of bars. Therefore, ions are subjected to the 
influence of a total electric field made up of a quadrupolar alternative field and a constant 
field. When a positive ion enters the space between the rods it will be drawn towards a 
negative rod. If the potential changes sign before it discharges itself on this rod, the ion will 
change direction. Adjusting the potentials of the direct current and the variable 
radiofrequency, only ions with a specific m/z will be able to pass the quadrupole without 
touching the rods.  
 
 
Figure 2.3. Diagram of a quadrupole. 
IONS WITH STABLE PATH (DETECTED)
IONS WITH NO STABLE PATH (NOT DETECTED)
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Therefore, when the ions coming from the ionization source reach the quadrupole, only 
those ions having a certain m/z, and then a stable trajectory between the four bars, will reach 
the detector[41]. 
The quadrupole is the most simple, economical, compact and robust analyzer. However, 
it is a low-resolution instrument, meaning it is only able to distinguish ions differing by one 
unit mass. Moreover, quadrupole sensitivity is quite low when monitoring a large number of 
ions. However, if only one ion, or a limited number of ions, is analyzed, the sensitivity of 
the detector can increase. In this context, the use of MS/MS can largely increase the 
selectivity, thus increasing signal to noise ratio.  
When three quadrupoles are combined together, in the configuration QqQ, MS/MS 
experiments can be performed. Figure 2.4 shows the general scheme of a QqQ system that 
consists of two quadrupoles as analyzers and a quadrupole in the centre that acts as collision 
cell for the fragmentation of the ions. In the first quadrupole a specific ion which is known 
as "precursor ion" is selected; the precursor ion passes into the second quadrupole which, by 
means of collision of molecules of an inert gas (He, N2 or Ar) with the precursor ion, 
fragments it in "product ions"; product ions are then separated in the third quadrupole and 
detected generating an MS/MS spectrum.  
 
  
Figure 2.4. QqQ mass spectrometer. 
 
The main advantage of MS/MS experiments is the improvement in selectivity and 
sensitivity, thus making the QqQ the most versatile analyzer for quantitative analysis. This 
analyzer has the inherent qualities of a quadrupole, such as easy handling and control, small 
size and relatively low cost. The QqQ analyzer offers a great versatility of acquisition modes 




Q1 q2 Q3 Detector
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Figure 2.5. Acquisition modes of a QqQ instrument. 
 
-Full Scan acquisition mode consists in the scanning over a whole range of m/z values, 
detecting all ions that pass through the spectrometer. 
-Single Ion Monitoring (SIM) consists in the selection of a specific m/z ratio ion in the first 
analyzer. Only the selected ion will be detected. The absence of scanning allows to focus on 
the precursor over longer times, increasing the sensitivity compared to the Full Scan mode.  
-Selected Reaction Monitoring (SRM) or Multiple Reaction Monitoring (MRM) consists of 
selecting a fragmentation reaction. An ion with a specific m/z ratio is selected in the first 
analyzer, fragmented in the collision cell, and only a specific ion produced by the 
fragmentation of the precursor will be selected and detected. The ions selected by the first 
mass analyzer are only detected if they produce a given fragment. The absence of scanning 
allows to focus on the precursor and fragment ions over longer times, increasing the 
sensitivity as for selected ion monitoring, but this sensitivity is now associated with a high 
increase in selectivity. 
-The Product Ion Scan (PIS) consists of selecting a precursor ion of a chosen m/z ratio and 










Acquisition mode                            ESI                             Q1                                    q2         Q3                         Detector 
(QqQ)
Gas He, Ar o N2
Gas He, Ar o N2
Gas He, Ar o N2
Gas He, Ar o N2
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-The Precursor Ion Scan consists of choosing a product ion and determining the precursor 
ions. This scan requires the focusing of the second spectrometer on a selected ion while 
scanning the masses using the first spectrometer. All the precursor ions that produce ions 
with the selected mass through fragmentations thus are detected.  
-The Neutral loss scan consists of selecting a neutral fragment and detecting all the 
fragmentations leading to the loss of that neutral. This scan requires that both mass 
spectrometers are scanned together, but with a constant mass offset between the two. Thus, 
for a mass difference a, when an ion of mass m goes through the first mass spectrometer, 
detection occurs if this ion has produced a fragment ion of mass (m−a) when it leaves the 
collision cell.  
Each of these modes of acquisition has characteristics that make it suitable for a particular 
purpose. However, the acquisition in MRM mode is the most used in quantitative analysis, 






The Orbitrap mass analyzer consists of an inner spindle-shaped central electrode 
surrounded by a pair of bell-shaped outer electrodes (Figure 2.6). The electric field created 
by both electrodes traps the ions inside the analyzer. The ions rotate around the central 
electrode and oscillate along its axis.  The movement is harmonic and the frequency ω 




 x 𝑘 
The oscillation induces an image current in the outer halves of the Orbitrap. The image 
current is then transformed in a mass spectrum by FT[41]. 
Orbitrap instruments are always hybrid mass spectrometers. Several hybrid instruments 
are available in the market in which the combination of different analyzer allows several 
possibilities. In the works described in this thesis a Q Exactive Orbitrap mass spectrometer 
has been employed. 
 
The Q Exactive mass spectrometer is usually equipped with an ESI source and includes, 
a stacked-ring ion guide (S-lens) in the source region, a quadrupole mass filter, a C-trap, an 
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higher-energy collisional dissociation (HCD) cell, and an Orbitrap mass analyzer as shown 
in Figure 2.7. Ions are formed in the ion source, pass through the ion transfer tube where the 
pressure is gradually reduced from the atmospheric values of the source to void of the mass 
spectrometer. Ions pass from the transfer tube to an S-lens described and then via an injection 
multipole into a bent flatapole. The bent flatapole is oriented in such a way that the line of 
sight from the S-lens is open for clusters and droplets to fly unimpeded out of the flatapole. 
Ion optics use a combination of direct current, radio frequency voltage and a vacuum 
gradient to guide the ions towards a hyperbolic quadrupole, capable of isolating ions down 
to an isolation width of 0.4 Th at m/z 400.  A short octapole then brings ions into the C-trap. 
The C-trap is the key of the instruments, because allows accumulation of ions, before 
injection into the Orbitrap and permits to interface continuous ion sources (like ESI) to a 
discontinuous analyzer. The c-trap is also interfaced to an HCD cell. In the gas-filled HCD 
cell, fragmentation of ions is achieved by adjusting the voltage offset of the rods and the 
axial field to provide the required collision energy. As long as this offset remains negative 
relative to the C-trap, all fragments remain trapped inside the HCD cell. The fragments can 
be then transferred back into the C-trap, ejected into the Orbitrap analyzer and analyzed in a 
single Orbitrap detection cycle. 
 
 
Figure 2.6: Orbitrap analyzer[46]. 
 
The mass range covered by the instrument is m/z 50–4000. Acquisition speed ranges from 
12 Hz for resolving power 17,500 at m/z 200 to 1.5 Hz for resolving power 140,000 at m/z 
200[47]. 
The quadrupole and the Orbitrap are two independent MS detectors. The quadrupole has 
the function of isolating the ions and sending them to the Orbitrap to be analyzed. However, 
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after the isolation process, the ions can be either ejected and analyzed from the Orbitrap, or 




Figure 2.7: Diagram of a Q-Exactive mass spectrometer [47]. 
 
Due to the characteristic of this hybrid mass spectrometer several acquisition mode are 
available such as Full Scan, SIM, Product ion, Neutral Loss etc. However, two acquisition 
modes in particular make the difference compared to other instruments: 
- data dependent acquisition (DDA) is the most commonly used approach. In a first scan 
the instrument is operated in Full Scan mode to detect and analyze all the ions coming from 
the source. In the next scan, the most abundant ions (it is possible to choose from 5 to 20 
ions usually referred to as TOPN fragmentation) are then selected from the quadrupole, and 
ejected to be fragmented in the collision cell.  After the fragmentation the ions are analyzed 
by the Orbitrap. In order to avoid resampling of earlier selected precursors, a dynamic 
exclusion list is used. Additionally, it is possible to use an inclusion list, which forces the 
instrument to select a desired peak for fragmentation, regardless of its abundance, to ensure 
the identification.  
-data independent acquisition (DIA) or all ion fragmentation (AIF) has been introduced 
in the last years. In this case no precursor selection is performed, rather all present 
precursors of a distinct mass window are co-fragmented.  
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In the case of targeted approaches, in which a specific class of compounds have to be 
analyzed, it is also possible to work in MRM mode. The major limitation of MRM is that it 
is important to validate targeted masses and its transitions, prior to the experiment; while 
DDA has the limit of a stochastic and irreproducible selection of precursors for 
fragmentation, compromising the reproducibility (mainly of less abundant ions). This is the 
reason why the use of DIA is continuously increasing. 
However, in both DDA and DIA, the ability to fill the HCD cell or the C-trap with ions 
while a previous Orbitrap detection cycle is still ongoing is an important innovation that 
allows to significantly increase the acquisition speed and quality of spectra. The advantage 
of this configuration is the possibility of working in parallel with precursor master scans in 
the Orbitrap and fast acquisition of fragmentation spectra on selected ions in the HCD cell. 
Moreover, fragment ions are analyzed in the Orbitrap, allowing their detection with a good 
mass accuracy, a quite important feature because errors in the determination of fragments 
m/z values affects the final identifications.  
Finally, two fragmentation techniques can be used in Q-Exactive: Collision-induced 
dissociation (CID) and HCD. CID and HCD use an inert gas for fragmentation: the energy 
acquired during the collisions of the intact molecule with the gas molecules (for example 
He) leads to the breakage of chemical bonds.  Depending on the fragmentation technique, 
different fragments are created.  
 
 
3.2.3 Time-of-flight (TOF) 
 
The TOF analyzer separates ions, after their initial acceleration by an electric field, 
according to their velocities when they drift in a free-field region that is called a flight tube. 
Ions are expelled from the source and then accelerated towards the flight tube by a difference 
of potential applied between an electrode and the extraction grid. As all the ions acquire the 
same kinetic energy, ions characterized by a distribution of their masses present a 
distribution of their velocities. When leaving the acceleration region, they enter into a field-
free region where they are separated according to their velocities, before reaching the 
detector positioned at the other extremity of the flight tube. The m/z ratios are determined by 
measuring the time that ions take to move through a field-free region between the source and 
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the detector. Considering V is the potential applied to accelerate the ion with m/z, the time t 
needed to cover the distance L before reaching the detector is given by 







In principle, the upper mass range of a TOF instrument has no limit, which makes it 
especially suitable for soft ionization techniques. Another advantage of these instruments is 
their high transmission efficiency that leads to very high sensitivity. However, the most 
important drawback of the first TOF analyzers was their poor mass resolution. Mass 
resolution is affected by factors that create a distribution in flight times among ions with the 
same m/z ratio, such as the variation of the initial kinetic energy of the ions (kinetic energy 
distribution). A way to improve mass resolution is to use an electrostatic reflector also called 
reflectron. The reflectron corrects the kinetic energy dispersion of the ions with same m/z 
leaving the source. Ions with more kinetic energy and hence more velocity will penetrate the 
reflectron more deeply than ions with lower kinetic energy. Consequently, the faster ions 
will spend more time in the reflectron and will reach the detector at the same time than 
slower ions with the same m/z. The reflectron performance may be improved by using a two-
stage reflectron that enables the beam to traverse the flight tube twice (Figure 2.8). This 
doubling of the flight path enables the increase of the resolution [41]. 
 
Figure 2.8: Schematic diagram of V-mode and W-mode ion optics. 
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To allow the coupling of TOF analyzer with continuous ionization techniques, such as 
ESI or API, the orthogonal acceleration (oa) technique has been developed. The sample is 
continuously ionized in the ion source. Ion optics focus the resulting ions into a parallel beam 
and direct it to the orthogonal accelerator. Applying a potential to the accelerator the bean 
will be directed toward the flight tube and then set again to 0. During the time that the ions 
continue their flight, the orthogonal accelerator is refilled with new ion beam. Another flight 
cycle will begin by reapplying a pulse voltage to the plate[41]. 
TOF analyzers are nowadays always hybrid mass spectrometers. The combination of 
different analyzers allows several possibilities. In the work described in this thesis a qTOF 
premier orthogonal mass spectrometer has been employed. The qTOF Premier is a hybrid 
quadrupole-orthogonal acceleration TOF mass spectrometer (Figure 2.9). It is provided with 
a reflectron to reflect ions back again towards the detector (V-optics) allowing a resolution 
of 10 000 FWHM (full width at half maximum), but is also equipped with a second reflectron 
that enables the beam to traverse the flight tube twice (W-Optics) enabling a resolution of 




Figure 2.9: Schematic diagram of a Premier orthogonal QTOF 
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The hybrid configuration of qTOF premier enables automated exact mass measurement 
of both precursor and fragment ions. Indeed, qTOF technology provides both quadrupole 
and TOF mass analyzers, with an intermediate collision cell for fragmentation, if required. 
This powerful combination allows ions to be selected from the quadrupole, individually 
fragmented in the collision cell, and then measured to a high degree of mass accuracy by the 
TOF. The quadrupole can be operated in several modes: 
-Full scan mode, in which the ions in a wide range of m/z pass through the quadrupole and 
are accurately measured by the TOF. 
-The quadrupole can either be parked on one specific mass (TOF MS/MS) or can be made 
to scan through a wide mass range in search of candidate ions for fragmentation (parent ion 
scanning). 
-DDA mode when the instrument automatically switching between full scan and 
fragmentation of the most abundant ions detected during the full scan acquisition. 
 
 
3.2.4 Resolving power 
Resolution or resolving power is the ability of a mass analyzer to yield distinct signals for 
two ions with a small m/z difference. The exact definition of these terms is one of the more 
confusing subjects of MS terminology that continues to be debated. Two peaks are 
considered to be resolved if the valley between them is equal to 50% of the weaker peak 
intensity when using quadrupoles, IT, TOF, and so on. If Δm is the smallest mass difference 
for which two peaks with masses m and m+Δm are resolved, the definition of the resolving 
power R is R=m/Δm. Therefore, a greater resolving power corresponds to the increased 
ability to distinguish ions with a smaller mass difference (Figure 2.10 a). The resolving 
power can also be determined with an isolated peak. Based on the definition of Marshall 
[41], indeed, the resolving power is determined using the peak width Δm at 50% of the peak 
height, FWHM. Therefore, the narrower the peak width, the higher the resolution[41] (Figure 
2.10 b). 
 Mass accuracy indicates the accuracy of the m/z provided by the mass analyzer. It is the 
difference that is observed between the theoretical m/z (m theoretical) and the measured m/z 
(m measured). It can be expressed in millimass units (mmu) but is often expressed in parts 
per million (ppm). Mass accuracy is largely linked to the stability and the resolution of the 
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analyzer. A low-resolution instrument cannot provide high accuracy. Indeed, the precision 
obtained on the mass of the analyzed sample depends also on the determination of the 
centroid of the peak[41].  
 
Figure 2.10: Resolution calculation based on the Marshall definition (a) and on the 
FWHM definition (b). 
 
Low resolution (LR) or high resolution (HR) is usually used to describe analyzers with a 
resolving power that is less or greater than about 10 000 (FWHM), respectively. However, 
there is no exact definition of the boundary between these two terms. LR mass spectrometers, 
such as QqQs and quadrupole, operate at unit resolution that is a resolution that is sufficient 
to separate two peaks one mass unit apart. TOF instruments are now generally capable of 
20,000 resolving power. Orbitrap instruments are capable of HR up to 140,000. 
In TOF analyzers the resolution depends on the capacity of the instrument of eliminating 
the initial spread of kinetic energy of the injected ions, this makes resolution independent 
from detection time (Td) or m/z. In Orbitrap analyzers resolution depends on the ratio of the 
detection time (Td) to the period of main oscillations (Tω). Because the ion motion is 
determined by the electrostatic field, Tω is proportional (and resolution inversely 
proportional) to the square root of m/z. Finally, TOF resolution is largely independent from 
m/z also in the MS/MS mode, whereas in the Orbitrap analyzer the resolution in MS/MS 
mode is often sacrificed to increase scan speed[2]. However, the highest resolution available 
in commercial TOF devices is several times lower than the highest resolution in Orbitrap. 
The FTICR and Orbitrap analyzers outweigh any other mass analyzer with respect to the 
achievable maximum mass resolution and accuracy. 
 33 Chapter 2: Liquid chromatography-mass spectrometry for food safety, quality and nutrition. 
4 Low-resolution versus high-resolution mass 
spectrometry 
 
The development of chromatography coupled to MS allowed several progresses for the 
identification and quantification of both endogenous compounds and contaminants in 
complex matrices, such as food. Several methods have been developed for the analysis of 
several classes of compounds. Several advantages and disadvantages has been shown 
depending on the use of HR or LR mass spectrometers for the identification and 




The methods used for the analytes identification change considerably when operating 
with LR mass spectrometers compared to HR mass spectrometers. 
LR mass spectrometers allow to determine the nominal mass of compounds. Therefore, to 
discriminate between compounds with isobaric masses is necessary to perform MS/MS. For 
a large range of compounds, SRM of precursor-product ion transitions by using QqQ allows 
to identify compounds at low concentrations.  A range of studies have shown, however, that 
monitoring only one transition might result in false positive identifications for individual 
compounds and thus at least two transitions are required[48]. However, several limitations 
become evident: (i) Under the constraints of at least two transitions for the identification, 
SRM methods are typically limited to about 100–150 target analytes depending on 
chromatographic separation, as otherwise accuracy or sensitivity deteriorate due to an 
insufficient temporal peak resolution or too short acquisition times for the individual MS/MS 
transitions, respectively. (ii) For some analytes, only non-specific transitions such as the 
neutral loss of H2O or CO2 might occur, which are common also for matrix interferences. 
(iii) Some analyte ions, particularly those of low molecular weight, show only one transition. 
These limitations, together with the impossibility of LR mass spectrometers to determine the 
accurate mass of analytes, do not allow the certain identification of unknown compounds. 
For instance, two isomeric compounds, showing same nominal mass and same transitions, 
cannot be distinguished and identified. In these cases, it is necessary to compare the retention 
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time (RT) and MS/MS spectra of the analytes with those of a reference standard for the 
unambiguous identification[49].  
HRMS analysis offers promising solutions to these limitations. All compounds present in 
a sample can be determined simultaneously with HRMS instruments operating in full-scan 
mode, and fragmented by means of acquisition modes such as DDA, making no preselection 
of compounds and associated SRM transitions necessary. Additionally, HR mass 
spectrometers allow the determination of accurate mass, and consequently, ions with slightly 
different m/z ratios can be distinguished from one another. The most important feature of 
HRMS is the capacity to determine analytes molecular formula from accurate mass 
measurements. The accurate mass together with the fragmentation obtained by means of 
MS/MS experiments allow the certain identification of unknown compounds. In theory, the 
presence of an unlimited number of compounds can be investigated at proper sensitivity, 
without requiring the preselection of analytes or even without having reference standards 
available. Moreover, the possibility to store a high volume of full-scan and MS/MS data of 
high mass accuracy, allows to carry out also retrospective analysis without the necessity to 
re-running samples.  
Due to the high quality information by combining sensitive full-spectrum data and high 
mass accuracy, HRMS is a promising technique that has opened new horizons in screening 
and rapid identification of a wide range of compounds and unknowns identification. 
Nowadays, three main approaches (see Figure 2.11) for the screening and identification of 
substances can be pointed out[49]: 
-Target screening involves the use of a reference standard for identification and 
quantification of a compound or a class of compounds. RT, MS and MS/MS spectra of the 
analyte have to be compared with those of the reference standard, measured under the same 
analytical conditions. This approach imply the previous knowledge of the compounds 
possibly present in the matrix of interest, and it requires the availability of the relative 
standard that, in the case of some contaminants or natural compounds, can be difficult. 
-Suspect screening is performed when prior information from various sources indicates that 
a given structure may be present in the sample. But, in contrast to target analysis, the suspects 
screening approach does not rely on reference standards for identification. Indeed, the exact 
mass and isotopic pattern can be used to screen for the investigated substances in the sample. 
-Non-target screening involves the study of all compounds detected in a sample where no 
prior information on the composition is available. As no structural information is available 
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in advance, a full non-target identification starting from the exact mass, isotopic pattern, 








 4.2 Quantification 
As previously mentioned, the identification and quantification of compounds at low 
concentrations requires both a high sensitivity and selectivity against complex matrix 
backgrounds. For a large range of compounds, SRM of precursor-product ion transitions by 
using QqQ fulfils these prerequisites. However, as explained before, under the constraints 
of at least two transitions for the quantification, SRM methods are limited to about 100–150 
target analytes, as otherwise sensitivity deteriorate. When the number of target analytes is 
limited the problem can be overcome. In this case, indeed, QqQ analyzer in its MRM mode 
results the most adequate one for quantitative methods. However, although LR mass 
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spectrometers such as QqQ result to be very robust and allow a reliable quantification of 
known compounds, they do not allow the certain identification of unknown compounds.  
HRMS target analysis offers promising solutions to the limitations of SRM analysis. All 
compounds present in a sample can be determined simultaneously operating in full-scan 
mode, making no preselection of compounds and associated SRM transitions necessary.  
However, on qTOF instruments, these capabilities are impaired by the limited sensitivity, 
which is about 1–2 orders of magnitude lower than those of QqQ instruments in SRM mode, 
and the limited dynamic range which is about 10-fold below that of QqQs. Thus, qTOF 
instruments have been used only occasionally for quantification and one established strategy 
is to use QqQ for quantification and a separate qTOF analytical run for confirmation. The 
Orbitrap instrument offers a better dynamic range and a sensitivity close to that of many 
QqQ instruments, thus allowing for quantification and  confirmation in a single analytical 
run[49].  
However, several publications describing the new generation of HRMS systems and 
highlighting differences between LR MS and HR capabilities[50, 51] in target quantification 
are available. The biggest difference between low and HR mass spectrometers, although, is 
the relative quantification of thousands of compounds in untargeted analysis. The untargeted 
analysis deals with detection and identification of the greatest possible number of 
compounds present in the sample, usually with the purpose of a (semi)quantitative 
comparison of different groups of samples[52]. 
The current trend in untargeted workflows is the analysis of large sets of samples to obtain 
representative information from the biological system under investigation. Thus, most 
studies require long periods to analyze samples in which the quantitative response can 
fluctuate by alteration of the instrument performance owing to accumulation of matrix 
components in different instrumental zones or simply by periodic practices such as 
instrument calibration or cleaning protocols. These sources of instrumental variability are 
generally corrected in targeted analysis by using isotopically labelled internal standards. 
However, this is not viable in untargeted analysis owing to the wide chemical heterogeneity 
of metabolites. The most common practice to monitor experimental variability (including 
instrumental variability) in untargeted analysis is the implementation of quality control 
samples (QCs), periodically inserted in the sequence of analyzes programmed for each batch 
of samples. A cut-off value in terms of variability is set to filter molecular entities or 
metabolites in the final data set. Other tools classify the metabolites according to their 
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behaviour along the sequence of analyzes and use correction functions for each group to 
correct instrumental variability.  
  
4.3 Data analysis 
 
In contrast to targeted approach and suspected approach, in which a small range of known 
molecules have to be analyzed, in a typical large-scale untargeted experiment a large number 
of unknowns have to be analyzed at the same time. The main difference between these 
approaches, which is basically dealing with known or unknown molecules, leads to 
differences in the way data analysis is accomplished. Whereas in target or suspected analysis 
the presence or absence of each substance is determined individually using the extracted ion 
chromatogram (XIC), in non-target methods a screening of detected compounds can be 
performed by means of dedicated software for the data pre-processing and statistical 
analysis. Several approaches are discussed in the literature [53, 54] reporting the following 
key steps: (i) an automated peak detection by exact mass filtering from the chromatographic 
run by means of several pre-processing tools (MZmine, XCMS etc); (ii) an assignment of an 
elemental formula to the exact mass of interest by means of pre-processing tools or online 
available tools (PredRet etc.); and (iii) a database search of plausible structures for the 
determined elemental formula (available databases such as Chemspider, Metlin, human 
metabolome database etc.); (iiii) the investigation of MS/MS spectra to elucidate the 
structure and comparison with available databases (such as Mass Bank, or MZCloud). 
Sometimes, also in silico fragmentation prediction tools can be used, such as Met Frag or 
Mass Frontier[55].  These algorithms match the experimental precursor masses and their 
MS/MS spectra to those generated by in-silico fragmentation; the statistical analysis of the 
comparison between the experimental spectrum and the theoretical one provides an ion score 
for the match, which is calculated on the basis of the percentage of fragmentation matching. 
However, the identification of a compound requires several information to be investigated 
including the isotopic pattern, presence of additional adducts, RT, fragmentation 
information. Several papers discuss this in greater detail [56, 57] and introduce the concept 
of “identification levels” in HRMS analysis. The concepts of identification strategy and 
confidence are merged in Figure 2.12, showing that target, suspect and non-target 
compounds start by definition at Levels 1 (reference standard available), 3 (tentative 
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candidate(s)) and 5 (no information), respectively. If sufficient MS (exact mass, isotope, 
adduct), MS/MS (i.e., fragmentation) and experimental information (e.g. retention 
behaviour, presence of related substances) is available, suspect and non-target components 
can gain in confidence through to Level 2 (library match and/or diagnostic fragments) and 
even Level 1 following purchase of the corresponding standard for identifications (green 
arrows in Figure 2.12).  
 
 
Figure 2.12: Scheme of the 5 identification level related to target, suspect and non—
target screening[54]. 
 
It is important to note that this elaborate matrix of confidence is necessary with soft 
ionization HRMS/MS analysis at this stage for one main reason: the lack of comprehensive 
spectral libraries for soft ionization techniques due to the lack of reproducibility between 
soft ionization instruments and various settings and the relative newness of the technique 
[58]. As a consequence, the identification of “unknown” substances measured with soft 
ionization techniques are quite complicated. This is the reason why, before starting with the 
identification of unknowns, it is really important the selection of the candidates of interest 
for the topic under investigation. 
A number of strategies for the selection of candidates for suspected and non-target 
screening using HR-MS/MS information have been developed. Suspect screening has been 
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performed using predicted transformation products [59] or metabolites of interest. For non-
target identification, a differential analysis is usually performed between several groups of 
samples in order to select the most significantly different compound to identify[60]. Different 
chemometric tools can be used to statistically assess possible differences among samples. 
Multivariate analysis is often used, although the particular statistical approach to be used 
will largely depend on the objectives of the study.  
 
 
5 Metabolomics for food safety, quality and nutrition   
 
The always more-demanding fields of food safety, quality and nutrition are continuously 
fostering the development of robust, efficient, sensitive and cost-effective analytical 
methodologies. MS-based metabolomics is a key tool nowadays with great potential in many 
analytical fields and has been demonstrated to be capable of facing some important 
challenges related to the food science domain[61]. 
Metabolomics, together with genomics, transcriptomics and proteomics, is involved in 
the study of the food and nutrition domains through Foodomics approaches. As per 
definition, metabolomics includes the exhaustive study of the whole small metabolite 
composition (molecular weight below 1500 Da) of a particular system. In practice, this aim 
is difficult to achieve, because it implies the development of a universal approach to analyze 
metabolites belonging to very different chemical classes and present in a very wide dynamic 
range. In this regard, the food metabolome is not an exception as quite diverse compounds, 
such as carbohydrates, lipids, proteins, amino acids, amines, steroids, phenolic compounds, 
carotenoids, alkaloids, among others are frequently present.  
There are three basic approaches that can be used in metabolomics: target analysis, 
metabolic profiling, and metabolic fingerprinting. Target analysis aims the quantitative 
measurement of selected analytes, such as specific contaminants, reaction products, 
bioactive compounds or biomarkers by using authentic standards. The resulting data can be 
used to distinguish different sample classes, however, most of the metabolite information of 
complex samples is lost. Metabolic profiling is a suspected screening that focuses on the 
study of a group of metabolites related to a specific metabolic pathway. Metabolic profiling 
refers mainly to the analysis of metabolites often belonging to the same chemical class, 
which are frequently identified and quantified [62, 63]. Finally, metabolic fingerprinting is 
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referred to the analysis of as many compounds as possible within a system, including their 
detection and the subsequent statistical treatment of the obtained results. Under this 
approach, the identification and quantification of the detected metabolites may not be a 
necessity. Fingerprinting aim is not to identify all metabolites, but to compare the patterns 
of metabolites that change in response to external factors.  
In any case, as the complexity of the set of metabolites to be analyzed is quite high, 
suitable analytical techniques are needed. Firstly, a proper sample treatment methodology is 
required. Food are usually quite complex matrices full of potentially disturbing components 
for the analysis of metabolites. It is important to extract the analytes of interest but, as a 
universal sample treatment directed to the extraction of the full metabolome does not exist, 
some components may be lost during this phase. Secondly, a proper separation technique is 
required prior to the detection. The technique of choice in metabolomics is mostly LC that 
can be operated in several separation modes, increasing its versatility towards different 
metabolites. Particularly, in the last years, methods based on the use of UHPLC have gained 
considerable popularity thanks to the advantages that this technique can provide. Finally, a 
good detection method is essential for the coverage of the whole metabolome. In the last 
years MS has gradually substituted the use of NMR because of the possibility for coupling 
with a separation technique, as well as the development and improved affordability of 
HRMS instruments. HR instruments allowed to significantly enhance the capabilities for the 
identification of unknown metabolites and thus developing the metabolomics field. As a 
direct consequence of the improvement of the available analytical tools, samples with higher 
complexity can be analyzed. The datasets generated after sample analyzes in a typical 
metabolomics study is of extremely great complexity, requiring the development of  
dedicated bioinformatics tools. However, the particular statistical analyzes made are usually 
different depending also on the topic of the study, i.e., food and health relationships, 
biomarker discovery, food quality, food safety or traceability, among others. 
 
 
5.1 Metabolomics for food safety 
Food safety is one of the most-important topics within food analysis. In this context, the 
use of MS within metabolomics-based approaches has allowed significantly raising the level 
of the analytical determinations possible nowadays in this field[61].  
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The first part of any MS-based metabolomics study for the detection of food contaminants 
is sample preparation. As foods may be considered as very complex matrices, suitable 
sample preparation steps are needed in order to allow a proper detection of contaminants 
which will surely be present in very low amounts. Different methods such as solid-liquid 
extraction (SLE) or liquid-liquid extraction (LLE), solid-phase extraction (SPE) have been 
widely used to extract and/or concentrate the analytes of interest. However, following the 
latest trends regarding the application of “Green Chemistry” principles, other miniaturized 
protocols limiting the volumes of solvents employed have been also proposed and employed 
in the last years such as solid-phase microextraction (SPME) [64] and QuEChERS (Quick, 
Easy, Cheap, Effective, Rugged, and Safe) methods[65].  
Methods directed to quantification of chemical contaminants in food are strongly 
influenced by current international legislation, which is generally directed to the 
establishment of maximum residue levels (MRLs) on certain substances, and to specify the 
banned compounds that cannot be present at any concentration. MRLs for pesticides, 
veterinary drugs and contaminants are available[9]. The most frequent analytical approach 
to determine contaminants in foods relies on the use of QqQ analyzers under SRM. Two 
transition are monitored: the most-intense one is used for quantification whereas the second 
is employed for qualification purposes. This detection procedure allows complying with 
European legislation on banned and controlled substances in foods. This regulation 
establishes the requirements that an analytical method must meet for an unequivocal 
identification and quantification of a controlled substance in a food sample, which means at 
least four identification points: one identification point is gained by RT confirmation with a 
commercial standard, whereas additional 1.5 identification points are gained for each ion 
transition successfully confirmed.  
In the last years, the use of QqQs in MRM mode is still the most-extended approach, even 
though the use of HRMS in the field of food safety is increasing. In fact, the use of the above 
described targeted approach has important limitations, which are mainly related to the 
determination of unknown compounds as well as the need of reference commercial 
standards. For this reason, the use of non-targeted analysis of contaminants is increasingly 
proposed [66]. HRMS also help to discover and identify new or unexpected chemical 
contaminants. This technique is clearly more capable of discovering new safety hazards 
beyond the use of the regulated compounds and contaminants. Every year new compounds 
are individuated as potential chemical pollutants and in conclusion the number of illegal 
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compounds is in continuous growth. However, the use of these diverse non-targeted 
methodologies is still somewhat limited compared to the targeted approach. This is the case, 
for example, of natural toxins.  For the detection and quantification of toxins in foods, similar 
approaches to those already described for chemical contaminants are widely employed. 
However, in this case, the natural toxin variability potentially present in a particular food 
product mean that less compounds have to be analyzed, and thus, advanced metabolomics-




5.2 Metabolomics for food quality 
Nowadays, food quality is one of the major concerns of the food industry. Its evaluation 
is a complex task due to the multiple aspects that may be considered to achieve an 
appropriate food quality. Food composition, aroma, flavour, or nutritional properties are 
among the most important aspects that may be evaluated in food quality assessments. MS 
based metabolomics approaches are gaining attention due to their demonstrated capability 
to establish links between the chemical composition and food quality, to control food 
authentication and adulteration, or to differentiate food samples according to their 
variety[61]. The ultimate goal of these researches is to determine relevant compounds that 
may be selected as quality markers. However, one of the main strategies to evaluate food 
quality is the investigation of the relationship between composition and bioactivity. Diet is 
a source of bioactive compounds able to contribute to the improvement of human health. 
Consequently, the identification of such compounds is crucial to provide customers with a 
healthy, balanced diet. Bioactive compounds are being studied in the prevention of cancer, 
heart disease, and other diseases. In this context, the vegetable kingdom is a primary source 
of such phytochemicals with potential health benefits. At present, researchers have identified 
hundreds of compounds with health-promoting, disease-preventing, or curative properties, 
and new discoveries concerning the complex interactions between secondary metabolites in 
plants and health are continually made [67]. 
The advent of metabolomics, which is a powerful approach enabling the comprehensive, 
qualitative and quantitative analysis of all metabolites [68], prompted research in this field; 
HRMS coupled to UHPLC is increasingly used in metabolomics. The recent innovations in 
instrumentation and informatics currently allow performing a comprehensive analysis of 
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metabolites. However, rigorous methodologies are required. The development of powerful 
analytical techniques is essential for the advancement in bioactive compounds research. For 
more details on the modern analytical approaches, based on HPLC and UHPLC coupled with 
HRMS and MS/MS, employed to characterize and/or identify bioactives in food a review, 
specifically on phytochemicals analysis by means of HRMS, has been reported in this thesis 
(Appendix). In the review all the relevant steps to assess food quality by MS-based 
metabolomics, such as proper sample preparation procedures separation techniques and 




5.3 Metabolomics for nutrition 
 
In the last years, the interest in establishing clear relationships between diet and health is 
continuously growing. However, it is interesting to remark that several of the health benefits 
assigned to many dietary constituents are still under controversy as can be deduced from the 
large number of applications rejected by the EFSA about health claims of foods and or new 
ingredients[33, 34]. More sound scientific evidences are needed to demonstrate the claimed 
beneficial effects of these foods and constituents. 
Understanding the roles of nutritional compounds at molecular level (i.e., their interaction 
with genes, proteins and metabolites) is the main challenge that food scientists and 
nutritionists have to face to adequately answer the new emerging questions. Nutrients can 
be considered as signaling molecules that are recognized by specific cellular-sensing 
mechanisms. However, unlike pharmaceuticals, the simultaneous presence of a variety of 
nutrients with diverse chemical structures and concentrations and having numerous targets 
with different affinities and specificities increases enormously the complexity of the 
problem. Therefore, it is necessary to look at hundreds of test compounds simultaneously 
and observe the diverse temporal and spatial responses.  
In this sense, new strategies seem to be essential to understand how the bioactive 
compounds from diet interact at molecular and cellular levels, and their crucial influence on 
the transcriptome, proteome and the metabolome. The combination of the information from 
the three expression levels (gene, protein, and metabolite) can be crucial to adequately 
understand and scientifically sustain the health benefits from food ingredients[1].  
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Metabolomics is nowadays considered an adequate strategy to investigate the complex 
issues related to prevention of future diseases and health promotion through food intake. It 
can be a major tool for detecting small changes induced by food ingredient(s) at the 
metabolic level, making possible new investigations on food bioactivity and its effect on 
human health at molecular level. The analysis of metabolic patterns and the changes in the 
metabolism in the nutrition field can be, therefore, very interesting to locate; for example, 
variations in different metabolic pathways due to the consumption of different compounds 
in the diet. The recent years have therefore seen an increased application of metabolomics 
to monitor specific food intake and dietary patterns in humans and to investigate food-related 
diseases via the discovery of dietary biomarkers[69]. 
 
 
5.3.1 Dietary intake of foods  
Generally, food frequency questionnaires or multiple days of diet records have been used 
as the routine methods for collecting dietary intake data to evaluate positive or negative 
effects of certain foods or diets on large population cohorts [70]. However, these methods 
have many limitations, such as high cost and time consumption, recall bias and measurement 
error, the misreporting or underreporting of dietary intake, difficulty in determining accurate 
portion sizes and inappropriateness for some populations with cognitive impairment [71]. 
To overcome such limitations of these conventional data-collecting methods, metabolomics 
has been used as an alternative for evaluating the positive or negative consequences of 
certain foods or diets and for analyzing the dietary patterns by identifying new biomarkers 
of food intake. Many studies have identified novel biomarkers associated with the intake of 
specific foods such as juice, fruits, vegetables, grain, fish, wine  and coffee and complex 
intakes following dietary patterns [72–74]. These results have shown that specific foods or 
dietary patterns significantly affect various metabolisms such as amino acid and lipid 
metabolism connected with human health. These studies have demonstrated that 
metabolomics is an effective and useful tool to reveal metabolic changes after specific food 
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 5.3.2 Food and health relationship 
Epidemiological studies have reported that diet is related to certain diseases. To obtain 
more persuasive and reliable results about diet-related diseases, metabolomics has been used 
to reveal metabolic alterations associated with diet-related diseases and the results of diet 
intervention. The relationship between green tea consumption and obesity prevention has 
been elucidated by metabolomic analysis[75]. Additionally, metabolomics analyzes of the 
serum metabolites produced after coffee consumption have revealed that caffeine-related 
metabolites are inversely associated with colorectal cancer[76]. The metabolomic study of 
dietary curcumin, found that it partially recovered metabolic disorders of the glycolysis and 
fatty acid metabolism in hyperlipidemia[77]. Furthermore, metabolomics has been used to 
identify biomarkers of human diseases and to understand metabolisms of human diseases[78, 
79]. Recently, the human gut microbiota has received increased attention, since 
microorganisms in the human intestinal along with the metabolites they generated were 
found to play an important role in human health and diseases. The composition of the human 
gut microbiota is affected by food intake and its manipulation by food intake can be a 
potential therapy of certain diseases. Therefore, it is necessary to understand the metabolism 
and functional status of the human gut microbiota and its interaction with the host, factors 
that metabolomics can be a powerful tool for characterizing[80]. 
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6 Aim of the thesis: 
 
In the previous paragraphs we focused the attention on several topics concerning 
metabolomics for food analysis. Firstly, the importance of the assessment of food safety, 
food quality and nutrition. Secondly, the importance of MS and the overall approaches 
available to face the food analysis issue such as targeted, suspected and untargeted 
approaches. All the methods have been studied in details to understand the difficulties, the 
advantages and disadvantages of the mentioned approaches. Several steps have been proved 
to be necessary for the development of a reliable analysis of food such as sample preparation, 
chromatographic and mass spectrometric method, data analysis and identification.  
In this thesis, the potentialities of MS have been exploited from several points of view in 
order to give an overview of its application on the field of food metabolomics. All the  
aspects concerning the development of a reliable method for food analysis have been treated 
and critically discussed. 
The thesis is divided in three main sections: targeted approach for food safety, suspected 
approach for food quality, untargeted approach for nutrition. In each section, one of the three 
main approaches (targeted, suspected, untargeted) used in food metabolomics has been 
studied for its application on one of the three different food analysis fields (safety, quality, 
nutrition). Moreover, each topic has been treated focusing the attention on a specific step of 
the method development (sample preparation, LC-MS, data analysis) (Figure 2.13). 
The topic of metabolomics for food safety has been studied in a targeted approach by 
developing a method for the analysis of secondary metabolites of fungi, namely mycotoxins, 
in food. In Paper I, the development of a particular material for the clean-up of mycotoxins 
from milk extracts is presented. In Paper II, an application of the material developed in paper 
I has been shown for the analysis of mycotoxins on a different matrix, i.e. cereals. In the two 
works, a typical workflow for the targeted identification and quantification of analytes in 
food by means of MS is presented. However, particular emphasis has been given to the 
importance of a proper sample preparation for the development of an efficient method. The 
topic of metabolomics for food quality has been treated in a suspected approach by 
developing a method for the analysis of several classes of secondary metabolites of plants 
such as phenolic acids, flavonoids, PAs, ETs and GLSs in food. In Paper III, is presented the 
development of a chromatographic and mass spectrometric method for the profiling of 
strawberry. In Paper IV, is presented a columns evaluation for the profiling of strawberry. 
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Paper V is focused on a chromatographic method evaluation for the profiling of GLSs in 
cauliflower. The three works present the typical workflow of a suspected analysis for the 
metabolic profiling of specific classes of compounds in food. However, the main theme of 
the papers is showing how a chromatographic and mass spectrometric method development 
is essential for the comprehensive profiling of a complex matrix. 
 
 
Figure 2.13: Diagram showing the thesis structure 
 
The topic of metabolomics for nutrition has been treated in an untargeted approach by 
developing a method for the analysis of the human urinary metabolome after the 
consumption of meat and dairy products. “Paper VI”, not published yet, is focused on the 
identification of urinary biomarkers after the consumption of meat either dairy products. In 
this section, a typical untargeted workflow is presented, focusing in particular on the 
importance of the data analysis and identification step on the investigation of the whole 
metabolome.  
Finally, a review on bioactive compounds in vegetables and fruits by means of HRMS is 
reported in the Appendix to have more detailed information on MS and the approaches used 
in food metabolomics. 
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1 Mycotoxins targeted analysis in food 
 
The first section of the thesis concerns the application of a typical targeted approach for 
the analysis of mycotoxins in food. Two papers, strictly related to each others, will be 
presented in the next paragraphs, developing a method for the analysis of different classes 




As previously reported (Chapter 1, paragraph 2.2), mycotoxins can be found on different 
crops, in particular cereal grains. However, human exposure might occur not only directly 
through the intake of contaminated agricultural products, but also indirectly through the 
consumption of products of animal origin obtained from animals that were fed with 
contaminated feed[8]. In Paper I and Paper II different matrices, i.e., milk in Paper I and 
corn meal and durum wheat flour in Paper II have been analyzed for the detection of several 
classes of mycotoxins. In particular, Zearalenone (ZEN) and its derivatives, namely α-
zearalenol (α-ZEL), α-zearalenol (α-ZEL), α-zearalanol (α-ZAL), β-zearalanol (β -ZAL), 
and zearalanone (ZAN), that are classified as mycoestrogens[81] because of their ability to 
bind the estrogen receptor [82], have been analyzed in Paper I. Whereas the main four 
aflatoxins (AFB1, AFB2, AFG1, AFG2), ochratoxin A (OTA), and ZEN have been analyzed 
in Paper II.  
Milk, as well as cereals, is a complex food matrix, therefore, sample pre-treatment and/or 
clean-up and enrichment steps are generally required to reduce matrix effects (MEs), i.e., 
ion suppression, and/or to preserve LC columns. Although analysis time and cost are 
increased in this case, the analytical method benefits from increased sensitivity and 
robustness (e.g., reducing column blockage and contamination). After a preliminary pre-
treatment of the matrix, the mycotoxin extract is generally cleaned up/enriched by SPE. 
Recently, dispersive SPE in a magnetic mode using nanoparticles is attracting increasing 
scientific interest [83, 84]. The mechanisms occurring in magnetic SPE (mSPE) are 
analogous to those observed in classical on-column SPE, where the interactions between 
target molecules and adsorbent functional groups determine the efficiency of the system. In 
mSPE, the dispersion of the magnetic material into the solution containing the target 
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molecules assures a continuous and dynamic contact with the adsorbent surface, leading to 
a more efficient analyte retention. The separation of the magnetic material with the adsorbed 
analytes from the solution is then realized by applying a magnet outside the vessel, avoiding 
centrifugation or filtration steps. Finally, after eventual washings, analytes are eluted from 
the magnetic material by a proper solvent mixture. Magnetic SPE presents various 
operational advantages over classical SPE and, moreover, magnetic nanoparticles (MNPs) 
are easy to prepare, and various materials can be used in their synthesis. In both Paper I and 
Paper II, a magnetic graphitized carbon black (mGCB) was chosen as the adsorbent. Indeed, 
as graphitized carbon black (GCB) as adsorbent in SPE had already shown selectivity 
towards estrogenic compounds and mycoestrogens in milk [85], it was reasonable testing it 
in the magnetized form for mycoestrogens. Moreover, due to the promising results obtained 
in Paper I, in Paper II the same material was also tested for mycotoxins in cereals.   
 
 
1.2 Magnetized graphitized carbon black 
 GCB may establish different types of interaction with the organic molecules, acting both 
as reversed-phase and anion-exchanger sorbent. Indeed, the planar graphitic surface allows 
the hydrophobic interaction with analytes by polarizable bonds and π interactions; 
furthermore, some polar and positively charged chemical heterogeneities (e.g., oxonium 
groups) on its surface allow the GCB to establish anion–exchange interactions and hydrogen 
bridges between protonated functional groups of the analytes and carbonylic groups of GCB 
or vice versa. GCB is a non-porous material whose surface area varies among the diverse 
commercially available products.  
Because of the lack of proper functional groups on their surface, some carbonaceous 
materials require an oxidation step to improve the wettability and dispersion in water. GCB, 
even possessing some polar functionalities in its structure, was previously treated with HNO3 
in mild conditions, which led to an only 1% oxidation. This is because in preliminary 
experiments with non-oxidized GCB (data not shown), elution of the analytes from MNPs 
required a high volume of eluent, which could be reduced only after oxidation. 
The graphitized carbon black, previously treated with HNO3, was magnetized with Fe3O4, 
which was confirmed by the characterization analyzes. The GCB material was fully 
characterized before and after oxidation with nitric acid, as well as after magnetization, to 
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observe changes in morphology or in structure. The starting material was a GCB with 
particle size of 120–400 mesh and a surface area of 100 m2/g. After magnetization, the 
available surface area and the pore volume were half as much. Termogravimetric analysis 
showed that the starting GCB, as well as the material after oxidation, was free of organic 
impurities but, after magnetization, the inorganic components showed a significant increase 
to 55%. The FTIR analysis showed signals belonging to OH, C=O and C–O after the 
oxidation and to typical Fe–O bond after magnetization. Finally, the morphological structure 
of the materials was monitored by TEM analysis, which showed that after magnetization 
spherical nanoparticles (100–300 nm) were grown on the GCB surface (Figure 3.1). 
 
 
Figure 3.1: TEM images to characterize GCB during the various preparation steps: a) GCB 
starting material; b) GCB after treatment with HNO3; C) GCB after magnetization. 
 
 
1.3 Chromatographic and mass spectrometric method 
Once characterized the material, a pre-treatment step and the clean-up step for the 
extraction of mycoestrogens from milk and mycotoxins from cereals had to be performed. 
The evaluation of the pre-treatment and clean-up procedures was performed, in both Paper 
I and Paper II, by means of a targeted analysis of the standards of the above mentioned 
mycotoxins by means of UHPLC-MS/MS.  
An UHPLC coupled by means of an ESI source to a QqQ TSQ Vantage was used. The 
electric (e.g. S-lens) and MS and MS/MS acquisition parameters (precursor ions, SRM 
transitions, and collision energy) were optimized by directly infusing each analyte standard 
solution. Gas pressures, temperatures, and spray voltage parameters of ESI source were 
a b c 
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optimized by introducing simultaneously, through a tee-junction, the analyte standard 
solution at 300 µL/min. The chromatographic conditions were slightly different in Paper I 
and Paper II, whereas in both papers a 10 cm long column namely C18 Cortecs was chosen.  
Spectra were acquired in SRM mode, monitoring two transitions of the deprotonated 
molecule [M–H]– for each compound. For each analyte, the unambiguous identification was 
based on comparison with the authentic standard (RTs, relative intensity ratios of MRM 
transition pairs) following the criteria reported in the Decision 2002/657/EC[86]. Recovery 
(RE), ME, and Process efficiency (PE) were determined as follows: blank matrix spiked with 
standards before (set 1) and after (set 2) extraction procedure, and neat solution standards 
(set 3) were prepared; Analyte response was measured as absolute peak area. RE was 
assessed by the ratio between the peak area of sample set 1 and sample set 2 according to 
the formula:  
RE(%) = (Areaset1/Areaset2)×100 
ME was estimated by the ratio between the peak area of sample set 2 and sample set 3 
according to the formula  
ME(%) = (Areaset2/Areaset3)×100 
PE was estimated by the ratio between the peak area of sample set 1 and sample set 3, (i.e., 




1.4 Sample pre-treatment and clean-up 
Once chosen the best chromatographic and mass spectrometric condition, the pre-
treatment and clean-up method was evaluated. Certainly, the matrix composition affects both 
the pre-treatment and the selection of the best parameters for the clean-up steps [84]. 
Therefore, two completely different protocols were used in Paper I and Paper II starting from 
two different matrices and analysing two slightly different classes of compounds.  Several 
different pre-treatment techniques were tested and several mSPE clean-up protocols were 
tested to evaluate the efficiency of the whole methods.  
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As explained in Paper I, to reduce MEs, usually milk deproteinization step is performed 
before extraction by adding an organic solvent, such as methanol (MeOH) or ACN [87, 88]. 
Three different solvents (MeOH, ACN, acidic MeOH) were tested, but measurements of the 
PEs showed very low values for all the solvents. Also a QuEChERS- like procedure was 
evaluated for sample pre-treatment with NH4SO4, ACN and hexane, but the RE resulted to 
be 4-16%. Finally, the milk sample was diluted in phosphate buffer at different ratios without 
any protein removal, showing the best results in term of PE in particular with 1:5 sample to 
buffer ratio.  After chosen the best pre-treatment step, the optimization of the clean-up 
conditions was carried out.  
The diluted skimmed milk were added to GCB MNPs, previously conditioned. After the 
adsorption of the analytes onto the MNPs, supernatant was removed by means of magnetic 
decantation. Resorcylic acid lactones were eluted from the sorbent material.  The amount of 
MNPs (100 mg) required to achieve an efficient MSPE procedure was chosen on the basis 
of previous experience[89]. Magnetic decantation time depended on the medium solvent (15 
min in aqueous medium, 5 min in organic solvent). Initially, ACN was used as elution 
solvent; however, REs were not satisfactory for α-ZEL, ZAN, and ZEN. Therefore, the 
mycoestrogens were eluted with the mixture CH2Cl2/MeOH 80:20 v/v neutral or containing 
0.1% and 1% v/v HCOOH. Considering the PE, the neutral one gave the best results and 
was chosen as elution mixture. Therefore, in the final optimized conditions, aliquots of 8 mL 
of milk diluted with phosphate buffer in a sample-to-buffer ratio 1:5 were adsorbed onto the 
GCB MNPs and eluted with the mixture CH2Cl2/MeOH 80:20 v/v, then dried and 
reconstituted with H2O/MeOH 50:50 v/v. 
Of course, the optimized pre-treatment steps and clean-up steps were different for the 
analysis of mycotoxins in cereals in Paper II. Most steps of the analytical method were 
developed using corn meal samples, and only successively validated for wheat flour samples. 
Generally, ACN/water mixtures are used to extract mycotoxins from cereal samples; in some 
cases, acetic or formic acid up to 1% (v/v) is added to the mixture[8]. In Paper II, corn meal 
and durum wheat flour samples were extracted with ACN/water/formic acid 80:19.8:0.2 
(v/v/v). Once the corn meal and durum wheat for samples were extracted the clean-up 
procedure, with the same material and procedure as in Paper I was carried out. However, the 
optimization of the parameters gave different results. Different sample to mGCB ratios were 
tested keeping the magnetic material amount to 50 mg, and using 1000 mg, 500 mg, and 250 
mg of maize meal. Results, showed that the smallest sample amount allowed obtaining the 
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best PE values for most mycotoxins. Five mL of dichloromethane/MeOH 80:20 (v/v) 
containing 0.2% formic acid was used to elute the retained analytes from mGCB. A mixture 
dichloromethane/MeOH, either neutral or containing up to 0.2% of a weak acid, was 
generally used to elute the analytes from GCB in classical SPE mode. Because in the analysis 
of maize samples, ZEN and its derivatives were eluted a neutral mixture[90], while AFs with 
and acid mixture the elution conditions were chosen to enhance the REs of the AFs, which 
are the natural least abundant and most toxic mycotoxins. The eluted sample was dried and 
reconstituted with 250 µL of MeOH/water 80:20 (v/v) containing 5 mmolL-1 ammonium 
formate. The choice of this reconstitution mixture was preferred to a mixture of ACN/water 
because of better REs very likely due to solubility issues. 
 
 
1.5 Method validation 
Once optimized the extraction and clean-up methods for mycoestrogens in milk and 
mycotoxins in cereals, the methods validation has been performed. To assess the 
performance of the developed analytical method, overall PE, trueness and precision (both 
intra-day and inter-day precision), limits of detection (LODs), and limits of quantification 
(LOQs) were considered. 
For each analyte two calibration graphs, named “standard” and “matrix matched,” 
respectively, were constructed. To construct the standard calibration graphs of the analytes, 
standard solutions were prepared at five and six concentration levels for Paper I and II, 
respectively, and adding the same amount of internal standard (IS). To construct the matrix-
matched calibration graph for each analyte, matrix-matched solutions were prepared at five 
and six concentration levels for paper I and paper II, respectively, by spiking analyte free 
sample before the extraction to obtain in the final extracts the same nominal concentrations 
used for standard calibration, adding the same amount of IS in the final extract, and following 
the optimized extraction protocol. For each analyte, the analyte to IS peak area ratio versus 
the analyte concentration was plotted, considering the sum of both SRM transitions to 
measure the areas. Unweighted regression lines for calibration graphs were calculated. 
Method trueness was estimated by analyte apparent recoveries, calculated by comparing 
the analyte to IS peak area ratios in free-analyte samples spiked before and after the 
extraction procedure. 
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Apparent RE (%) =
Area analyte set 1/Area IS set 1
Area analyte set 2/Area IS set 2
 
 
Within laboratory precision of the method was estimated as both intraday (repeatability) 
and interday (reproducibility). The intraday precision was expressed as relative standard 
deviation r (RSD) of the RE values of six spiked samples, for each concentration level, 
analyzed in the same day. The interday precision was expressed as RSD of the RE values of 
six spiked samples, for each concentration level, analyzed in six consecutive days. 
The estimation of LOD and LOQ was conducted as already reported [13, 28, 31, 32]. Briefly, 
a first LOD and LOQ estimation was performed considering the SD of the intercept (σ) and 








 The standard calibration curve was used for the instrumental LODs and instrumental 
LOQs, whereas the matrix-matched calibration curve was used for the method (M)LODs 
and MLOQs. Only data generated from regression statistics obtained from calibration points 
in the range of the lower concentrations were employed to assess these values. The peak area 
of the second most intense SRM transition and the sum of the two SRM transitions were 
used to determine LOD an LOQ values, respectively. To verify MLODs and MLOQs, milk 
samples in Paper I and corn meal and wheat flour samples in Paper II were fortified with the 
analytes at the extrapolated values, and the samples were handled as reported above. For 
MLODs and MLOQ confirmation, S/N >3 and >10 were set, respectively. 
Method validation results are shown in detailed in the published papers and 
supplementary materials. However, the results are summarized below.  
In Paper I REs were >69% and MEs ranged between 67 and 115%, giving overall PEs 
>52%. Both standard and matrix-matched calibration graphs were linear over the explored 
range (R2 >0.9989 and for R2 =0.9956–0.9996, respectively). Apparent recoveries were > 
75%. Within laboratory precision was 2–16 and 8–22% for intra-day and inter-day 
experiments, respectively. Calculated MLODs and MLOQs in Paper I resulted to be lower 
compared to other papers published in the literature. In a previous work of our group[85], 
using classical GCB-SPE, only for ZAN a lower MLOQ was obtained. 
 
 
 56 Chapter 3: Targeted approach for food safety 




In Paper II REs were >67% at the lowest fortification level. The MEs of signal suppression 
affected in particular AFB1 and OTA. The only signal enhancement ME was observed for 
ZEN, however it cannot be excluded that this signal enhancement was due to a natural 
contamination below method detection limit (MLOD). The apparent REs were higher for 
OTA and ZEN compared to the others analytes. Compared to the work by Hashemi et al. 
[91], the MLOQs obtained in the present work for AFB2 are slightly higher. Compared to 
the work by Mashhadizadeh et al. [92], the limits for OTA are three times higher. However, 
both these works used HPLC-FD for determination, thus the criteria for MLOD and MLOQ 
estimation are different, and they analyzed from one up to two mycotoxins. In other papers 
using coated nanoparticles [93] instead, the MLODs values  were comparable to those 
obtained in the present work, whereas the MLOQs were higher. 
 
Table 3.2: RE, ME for AFs, OTA and ZEN in corn meal and durum wheat flour samples. 
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1.6 Method application 
One of the problems arising during method development in Paper II was to find samples free 
of ZEN, which, indeed, contaminates most of the corn meal samples[94]. OTA was also 
detected in some samples at concentrations below MLOQ. In a short survey carried out on 
10 corn meal samples, OTA was detected in one sample at 1.3 µg kg-1 level, whereas it was 
detected at values >MLOD but <MLOQ in the other two samples. In eight out of 10 samples, 
ZEN was detected at values >MLOD but <MLOQ, and in one sample at 72.9 1.3 µg kg-1 
level. Quantification was made by matrix-matched calibration. None of the investigated 
mycotoxins were detected in the five durum wheat flour samples. Indeed, the maize plant is 
very susceptible to contamination by Fusarium species [94], so it is generally more affected 




In Paper I is shown that the overall PE ranged between 52 and 102%, with ME below 
33%. The obtained method limits of quantification were below those of other published 
methods that employ classical SPE protocols. The MLOQs ranging between 8 and 15 ng/L 
make the present method able to determine the compounds of interest in milk samples at 
reasonable contamination levels. Moreover, the employment of MSPE instead of SPE 
allowed to extract a turbid sample as milk avoiding possible clogging of SPE cartridge frit, 
as well as decreased RE due to colloid–analyte interaction. Although the equilibration time 
(NPs-analytes interaction time 30 min) could appear long, it should be considered that, on 
the contrary of SPE, a large number of samples can be processed simultaneously, and the 
time needed for analyte retrieval is about the same as in the classical SPE. 
Due to the positive results obtained for this method development applied to 
mycoestrogens in milk, we decided to use the same material on a different class of 
mycotoxins in cereals. In Paper II is shown that REs were >60% in both cereals analyzed, 
even if the MEs were not negligible. The LODs were comparable to or higher than those of 
other mSPE methods. Firstly, the different detection techniques used in the other works make 
MLOQ calculation modes not really comparable Secondly, this method, on the contrary of 
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the previous works, allows the simultaneous investigation of a larger number of mycotoxins 
belonging to three different chemical classes. 
These results show that several aspects, related to sample preparation, have to be 
considered when developing a method for a targeted analysis: recoveries, time, costs, and 
applicability to different matrices or to a wide range of diverse compounds. The overall 
process efficiency of the developed method has to be a compromise between performance 
and easiness and rapidity of application. The trend in contaminants analysis in food is 
moving toward the development of multi-residual analysis, consisting in the analysis of a 
wide range of compounds (which is difficult because of the different chemical properties) in 
an effective and low time consuming process.  
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2 Paper I  
 
Mycoestrogen determination in cow milk: 
Magnetic solid-phase extraction followed by liquid 
chromatography and tandem mass spectrometry 
analysis 
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3 Paper II: 
 
 
A rapid magnetic solid phase extraction method 
followed by liquid Chromatography-Tandem mass 
spectrometry analysis for the determination of 





Figure 3.2: Graphical abstract of Paper II 
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1 Phytochemicals suspected analysis in food  
 
In the second section of the thesis the application of a suspected screening for the analysis 
of phytochemicals in food is discussed. In the next paragraphs, three papers about a method 
development for the analysis of polyphenols (Paper III and IV) and GLSs (Paper V) in 




As previously largely explained (Chapter 1, paragraph 3.1.1), phytochemicals are 
bioactive secondary metabolites synthesized by plants. Their characterization in complex 
biological matrices, such as food, can result very important for the assessment of a 
relationship between such metabolites and the bioactivity of a specific product. Polyphenols 
and GLSs are two classes of compounds that showed several positive effects on health, 
therefore, in Paper III, IV and V a metabolic profiling, i.e.  the quantitative and/or qualitative 
determination of a defined group of related compounds or of specific metabolic pathways, 
of these classes of phytochemicals will be presented.  
A suspected screening approach has been used in order to detect and identify the highest 
number of polyphenols in Paper III and IV and GLSs in Paper V. To achieve this goal, a 
chromatographic and mass spectrometric method development has been carried out. Indeed, 
in contrast to targeted methods where the identification is usually limited to metabolites for 
which authentic reference standards are available, suspected/untargeted profiling methods 
try to find analytical features of all detectable compounds to achieve the widest possible 
metabolic coverage[95]. Metabolite profiling is a difficult challenge because of the huge 
chemical diversity of substances to analyze and the wide variation in abundance of the 
metabolites present in a complex matrix. 
With HRMS the metabolic profile of a complex biological sample can be significantly 
extended. However, MS should be coupled with a separation technique, which is necessary 
to separate the compounds in a complex mixture. A good separation technique provides the 
individual compounds RTs, which are later used to support their identification, and is 
especially needed for isomeric metabolites, which are otherwise indistinguishable [96]. In 
complex phytochemical mixtures there are a wide variety of positional isomers (e.g., 
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flavonoid glycoconjugates [97]). Low-quality peaks could interfere with peak picking during 
data processing, strongly reducing the number of detected metabolites. Therefore, 
optimization of the chromatographic conditions in a suspected/untargeted analysis it is 
crucial for the coverage of the broad spectrum of metabolites. 
However, metabolites separation is not the major bottleneck in suspected/untargeted 
metabolomics workflows. Once detected, metabolites have to be identified and, usually, 
tentative metabolite annotation by studying the m/z and deriving the molecular formulae 
does not provide a single confident identification, particularly when the sample contains a 
large number of isomers. To provide the real identity of the detected metabolite isomers, 
MS/MS experiments are used to ascertain structural information about the molecules[98]. 
Current metabolomics studies focus on the development of several approaches to obtain the 
MS/MS information, such as using DDA. However, DDA, as currently applied, is often not 
optimal to maximize the number of metabolites for which MS/MS data are acquired in a 
single run. Moreover, several parameters when setting a MS method should be taken in into 
account based on the class of analytes to analyze. Therefore, the optimization of the mass 
spectrometric conditions in a suspected/untargeted analysis could result in a less time-
consuming method and more informative data for the identification of a larger number of 
compounds.  
In Paper III, IV and V, a typical suspected analysis approach is presented, showing how 
different chromatographic and mass-spectrometric conditions can affect the metabolic 
profiling of polyphenols in strawberry for Papers III and IV and of GLSs in cauliflower in 
Paper V.   
 
 
1.2 Sample extraction 
One of the relevant points to assess food quality by MS-based metabolomics is the choice 
of proper sample preparation procedures. In any case, to prevent any substantial loss of 
possible relevant metabolites, minimum sample preparation is preferable. Moreover, when 
hundreds of compounds have to be analyzed, the extraction protocol should be the right 
compromise for the extraction of all the compounds belonging to the class of interest. For 
this reason, the protocols chosen for the suspected analysis of both polyphenols in strawberry 
and GLSs in cauliflower are quite simple and rapid protocols. 
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In Paper III and IV the extraction protocol of polyphenols from strawberry was chosen 
on the basis of the work by Kajdžanoska et al.[99] showing that the best extraction mixture 
for the whole spectra of antioxidant compounds in strawberries (i.e., flavonoids, cyanidins, 
ETs, etc.) is CH3COCH3/CH3COOH (99:1 v/v). However, on the contrary of the mentioned 
work, in our case the starting material was lyophilized. Therefore, 30 % of water was added 
to extract the more polar compounds. 
For GLSs extraction, a rapid comparison between two different extraction protocols was 
carried out in Paper V. Indeed, knowing that GLSs are naturally hydrolyzed by myrosinase 
when heated at 55–65 °C [100], it is important to choose an extraction protocol that could 
reduce myrosinase activity. The myrosinase is denatured in organic solvent and heating, so 
most part of extractions are performed at 70 °C [28, 101, 102]. However, several other 
extractions performed at room temperature have been published [103, 104]. In order to 
clarify this ambiguity we decided to test two simple extraction protocols varying from each 
other for the set temperature (70 °C either 25°C). In contrast to the most part of the papers 
but the work of Doheny-Adamns et al. [105], the comparison showed better performances 
for the protocol at 25 °C. Based on these results, the extraction at room temperature was 
chosen as the best extraction protocol.  
 
 
1.3 Chromatographic and mass spectrometric methods evaluation 
As previously mentioned, the chromatographic and mass spectrometric method could be 
crucial for a comprehensive profiling of a complex matrix. Paper III, IV and V are focused 
on different aspects of the method optimization. In paper III, both a chromatographic and 
mass spectrometric evaluation was accomplished onto an UHPLC-(ESI)-MS/MS system. 
Indeed, the coupling of a specific HPLC to a specific mass spectrometer requires a proper 
optimization in order to explore the whole potentialities of the coupling of such specific 
instruments. In paper IV, while keeping constant the spectrometric method optimized in 
paper III, a chromatographic comparison of different column systems was performed on both 
a standard mixture and a real sample. The aim of this evaluation was both showing the 
importance of the chromatographic evaluation prior to a suspected screening analysis, and 
showing the importance of performing this evaluation on a real sample rather than a 
simulated system such as a mixture of standards. Finally, in paper V a chromatographic 
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evaluation on a different class of compounds (GLSs) was accomplished by varying both 
phases and columns, to show how different conditions can affect both chromatographic and 
mass-spectrometric performances. 
In all papers, a Vanquish UHPLC was coupled by means of ESI to a QExactive mass 
spectrometer. In Paper III, a Kinetex C18 column (100 x 2.1 mm2, 2.6 µm particles) was 
used to test the conditions summarized in Table 4.1. In Paper IV, using the same 
chromatographic and mass spectrometric method optimized in Paper III (phases, 
temperature, gradient, mass spectrometers parameters), four chromatographic systems were 
tested: (a) one Kinetex C18 column (100 × 2.1 mm2 2.6 μm particles); (b) one Kinetex C18 
column (100 × 2.1 mm2 ,1.7 μm particles); (c) two Kinetex C18 columns (100 × 2.1 mm2 , 
2.6 μm particles) connected in series; (d) two Kinetex C18 columns (100 × 2.1 mm2 , 2.6 
μm particles) connected in series. Finally, in Paper V, four different columns were tested (1) 
one column Luna Omega polar C18 (100 mm × 2.1 mm i.d., 1.6 µm particles); (2) one column 
Kinetex TM Biphenyl (100 mm × 2.1 mm i.d., 1.7 µm particles);   (3) one column KinetexTM 
core-shell XB-C18 (100 mm × 2.1 mm i.d., 2.6 µm particles); (4) two columns Kinetex
TM 
core-shell XB-C18 (100 mm × 2.1 mm i.d., 2.6 µm particles) connected in series with four 
different phases a) HCOOH 0.1% in both H2O (A) and ACN(B); b) HCOOH 0.2% in both 
H2O (A) and ACN(B); c) HCOONH4 5 mM in both H2O (A) and ACN(B); d) HCOONH4 
10 mM in both H2O (A) and ACN(B). All the chromatographic systems were tested using a 
mass spectrometric method appropriate for the analysis of GLSs.  
The performances of the several systems under investigation were evaluated by means of 
a suspected screening approach, in which the number of features was the parameter mainly 
used for the evaluation. In untargeted metabolomics, indeed, the number of detected features 
is the most commonly used parameter for the selection of an optimal LC–MS method. A 
feature is considered as a peak with a specific RT and m/z ratio that probably represents a 
real molecule. The feature number parameter is not free from misinterpretations, indeed, the 
main drawback of this approach is that false positive features (caused by poor 
chromatographic signals, MS signals not generated by proton adduct, in-source fragments, 
complex ions, such as dimers 2 M± H, and salt cluster ions) could be included in the 
count[96]. However, feature numbering allows rapid comparison of different methods, 
avoiding the time-consuming identification step. Moreover, several methods can be used to 
avoid false positives, mainly using some pre-processing data analysis tools such as MZmine 
software. 
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Table 4.1: LC-MS  parameters for methods tested in Paper III
 
 
For each chromatographic run, accurate mass ion chromatograms were imported into 
MZmine and, for each scan, a list of ions was generated. After noise filtering, a 
chromatogram was built for each mass that could be detected continuously over the scans. 
Later, the built chromatograms were deconvoluted into individual peaks and the isotopic 
peaks were removed from the peak list. The peak lists obtained for the replicates and the 
blank were aligned and peaks coming from the blank were subtracted. Only peaks found in 
all replicate analyzes were kept. LC–MS features were filtered out if the RSD of the 
integrated peak areas was greater than 25%. An additional step to remove in-source 















a 99.9 : 0.1 99.9 : 0.1  5%- 60% in 19 min 40 150-1000 5 yes 1 40
b 99.9 : 0.1 99.9 : 0.1 5%-50% in 19 min 40 150-1000 5 yes 1 40
c 99.9 : 0.1 99.9 : 0.1 5%-40% in 19 min 40 150-1000 5 yes 1 40
d 99.9 : 0.1 99.9 : 0.1 5%-60%  in 38 min 40 150-1000 5 yes 1 40
e 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 5 yes 1 40
f 99 ? 1 99 ? 1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 5 yes 1 40
g 99 ? 1 99 ? 1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
50 150-1000 5 yes 1 40
h 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 5 yes 3 40
i 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 5 yes 1 25-55
l 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 10 yes 3 40
m 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 10 yes 1 40
n 99.9 : 0.1 99.9 : 0.1 5%-15% in 10 min, 
15%-35% in 15 min, 
35%-50% in 5 min 
40 150-1000 10 no 3 40
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fragments and adducts was also carried out in Paper IV and V. The data pre-treatment 
allowed to obtain the final number of features. Whereas the number of features was the 
parameter mainly used to evaluate the different methods in all the three papers, some other 
different strategies were used in each case. 
In Paper III, the highest number of features was compared with the average number of 
data points counted for each detected feature. The condition with the highest number of 
features and highest minimum number of data point per peak was chosen as the best 
chromatographic condition. Once chosen the best chromatographic method, several mass 
spectrometric conditions were tested and compared my means of the number of fragmented 
features. The method that allowed to obtain the highest number of fragmented features was 
chosen as the best method. The final optimized chromatographic and mass spectrometric 
method was applied for the final identification that will be discussed in the next sections. 
In Paper IV, at first an evaluation of chromatographic systems was carried out by 
comparing the shape and the repeatability of the peaks of the analyzed standard compounds. 
A second evaluation was carried out in a suspected screening approach taking into account 
the highest number of features and also the highest number of tentatively identified 
compounds to choose the best chromatographic system. 
Finally, in Paper V, a first evaluation between the different phases used on each column 
was carried out by taking into account the highest number of features. Once chosen the best 
phase for all the columns, a comparison among columns was accomplished by taking into 
account the highest number of tentatively identified compounds.  
 
1.4 Results of the methods evaluation 
As mentioned in the previous paragraphs, Paper III consisted in the evaluation of several 
chromatographic and mass spectrometric conditions for the profiling of polyphenols in 
strawberries. Operating in DDA mode, the instrument alternates between MS and MS/MS 
scans, and it is necessary to ensure the highest number of detected peaks while 
simultaneously acquiring fragmentation data required for metabolite identification [106]. To 
achieve this, the acquisition of a sufficient number of data points across a chromatographic 
peak is necessary. Since the Orbitrap mass analyzer does not possess the high scan speed 
typical of a TOF mass analyzer, it was necessary to find a compromise between the 
performance of the UHPLC and MS systems. 
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Several chromatographic conditions, as summarized in Table 4.1, were tested. In 
chromatographic methods a–e the elution gradient was progressively slowed to increase the 
number of data points per chromatographic peak. The minimum number of data points 
required to properly define the chromatographic peak apex and shape was fixed at ten, and 
it was obtained with method (e). This minimum number of data points was considered for 
all compounds but the anthocyanins, which exhibit a peculiar chromatographic 
behaviour[107]. Anthocyanins exhibit a typical chromatographic peak broadening due to the 
coexistence of different forms[108], and thus more acidic mobile phases containing 1% (v/v) 
HCOOH and a higher column temperature were tested in methods (f) and (g) to stabilize the 
flavylium cationic form.  As shown in Figure 4.1, however, the number of features decreased 
probably because the higher acidity had a negative effect on the intensity of the signals of 
non-anthocyanin compounds, and also a higher column temperature (50 °C) did not 
significantly increase the chromatographic efficiency of anthocyanin separation. 
After the method (e) was chosen as the best method, the capability of the UHPLC–
MS/MS system was tested to simultaneously acquire the required fragmentation data. 
Several parameters were varied to obtain the highest number of fragmented precursor ions 
(i.e. fragmented features). Firstly, the maximum number of the most abundant precursors to 
be selected for data-dependent MS/MS acquisition was set to 5 (TOP 5 acquisition) and 10 
(TOP 10 acquisition), and the other parameters were kept unchanged. The TOP 5 acquisition 
gave the best result; in the TOP 10 acquisition mode, the scan rate is slower, which in turn 
implies that a smaller number of ions are fragmented. Secondly, the dynamic exclusion 
parameter was set to prevent the same precursor ion from being redundantly selected for a 
DDA scan within a certain time span. The dynamic exclusion duration was changed between 
1 s and 3 s to promote the fragmentation of the less abundant ions, and the best result was 
obtained with 3 s. Thirdly, the normalized collision energy (NCE) was studied. If more than 
one NCE value is set, the QExactive mass spectrometer performs a stepwise fragmentation 
on the precursor at several NCEs. Although this could allow having a more comprehensive 
fragmentation pattern, it results in a lower number of fragmented features probably due to a 
short time delay in switching from one NCE value to another, which in turn leads to a slower 
scan rate. Fourthly, an exclusion list created by the user containing the most intense 500 ions 
detected in the blank was used. These ions were selected for the MS/MS scan, obviously 
leading to an increase of the number of fragmented features. At the end of the optimization, 
the best mass-spectrometric method (h), consisting of  a TOP5 acquisition, with a dynamic 
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exclusion of 3 s, a one-step NCE fragmentation, and an exclusion list, allowed to avoid 
performing redundant MS/MS experiments on the same ions, maximizing the number of 
fragmented features. 
Figure 4.1: Left: Minimum number of data points per peak and detected features for 
methods (a)-(g). Right: Number of fragmented featured for method (h)-(n) 
 
In Paper IV, starting from the optimized chromatographic and mass spectrometric 
conditions obtained in Paper III, four different chromatographic systems were compared to 
evaluate the effect of column length and particle size on the analysis of a complex 
phytochemical mixture. At first, a targeted approach was used for the comparison.  The 
mixture of standards contained a range of flavonoids, chosen because representative of the 
phenolic compounds usually found in vegetable matrices. For each compound, the 
repeatability of the RT and the peak area were calculated, and an additional visual inspection 
of peak shapes was performed for each chromatographic condition. All metabolites were 
categorized into “unacceptable” if the shift of RTs and peak area was >25% and if the peak 
shape was affected by broadening. Peaks were classified as “acceptable” if the shift of RT 
and peak area was between 10 and 25% and if the peak was splitting or tailing. Finally, peaks 
were classified as “good” if the shift of RT and peak area was <10% and if they showed 
narrow and symmetric peaks. 
At first glance, the performance of all the chromatographic systems was poor for most 
anthocyanins due to the typical peak broadening of anthocyanins. On the contrary, a very 
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strong difference among the chromatographic systems could be appreciated for some 
flavonoids belonging to the class of flavonols. These compounds resulted unacceptable in 
both the chromatographic systems with 1.7 μm sized particles compared to the 2.6 μm sized 
particles. Moreover, there was not such a difference between the one-column and the two-
columns systems, regardless of the particle size.  
To confirm or disprove the targeted analysis results and evaluate the effects on the 
analysis of a more complex matrix, we proceeded with the untargeted approach. The systems 
were compared at several levels as shown in Figure 4.2. Whereas a first result pointed out 
that the total number of detected features was larger for the chromatographic systems with 
1.7 μm particle size than for the 2.6 μm particle sized ones, when the repeatable features 
have been taken into account the 1.7 sized columns showed a dramatic cut-off of detected 
features. This suggest that, regardless of the column lengths, the 1.7 μm sized particles 
columns performed worse than the 2.6 μm sized particles columns. Moreover, repeatability 
greatly benefits from a longer column setup. To confirm these results, however, the different 
systems were evaluated at a third more reliable level, that of the tentatively identified 
features. Non proton adducts complex ions and in-source fragments were identified using 
MZmine removed and assigned to the related molecular ion. The remaining features were 
searched against a home-made database then further investigated by a closer inspection of 
the MS/MS spectra resulting in the tentative identification of several compounds. Even at 
this level, the 2.6 μm sized particle columns performed better than the 1.7 μm sized particle 
columns, and the performance could be improved by the coupling of two columns. In 
conclusion, two main results are shown: the longer the column, the higher the number of 
repeatable detected and identified features; the smaller the particles size, the lower the 
number of repeatable detected and identified features. The first result was not highlighted in 
the targeted analysis because of the low complexity of the standard mixture compared to the 
strawberry extract, implying the strong importance of a chromatographic evaluation on a 
real matrix before an untargeted profiling. In the case of the second totally unexpected result, 
both targeted and untargeted analyzes suggested that 2.6 μm sized core-shell particles 
columns performed better than the 1.7 μm sized core-shell particles columns. This could be 
explained by the effect of temperature gradients through the columns. Indeed, when columns 
packed with very fine particles are operated at high mobile phase velocities, the friction of 
the mobile phase percolating through the column bed generates heat,  and the band velocity 
is not constant across the column resulting in band broadening[109, 110]. Band broadening 
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could be accounted for the worse result observed for the Kinetex 1.7 μm sized particles 
packed columns in this study.  
 
 
Figure 4.2: (A) Number of detected, repeatable, and tentatively identified features for the 
four chromatographic conditions; and (B) tentatively identified features after manual 
inspection with relative identification confidence level for the four chromatographic 
conditions: 1) match with standards, 2) match with MS/MS from literature, 3) match with 
some fragments from literature, 4) match with the accurate mass. 
 
Finally, in Paper V, an evaluation of several chromatographic conditions was carried out 
on a completely different matrix and on a different class of compounds, i.e. GLSs, because, 
although widely studied, it is a class of compounds still generating increasing interest. 
Indeed, chromatographic separation of intact GLSs was historically a technical challenge 
that required several techniques such as ion pairing HPLC [111] or HILIC chromatography 
[112, 113], because of the poor retention of GLSs with hydrophilic side chains. In the last 
years, it has been shown that both trifluoroacetic acid (TFA) [114] and formic acid [28] 
induce sufficient adsorption of GLSs to reversed phase HPLC columns. However, when 
coupling HPLC with MS, besides a good chromatographic separation, effects such as ion 
suppression should be taken into account when using this compounds as additive in the 
phases. While it is known that TFA can give ion suppression during the ionization process, 
formic acid and ammonium formate, below certain concentration limits, should be 
compatible with MS. Therefore, we wanted to test formic acid and ammonium formate at 
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different concentrations in the chromatographic phases, for different columns, to obtain the 
best compromise between an efficient separation and a good ionization. Four different 
columns were evaluated with four different phases for a total of 16 different chromatographic 
conditions.  The comparison of the different phases on each column was accomplished by 
the number of detected features that matched against a home-made database (i.e. level 4 
identification) [102]. Looking at the table shown in Figure 4.3, it is possible to see that, in 
all cases, the phases with a percentage of formic acid give better results compared to the 
phases with ammonium formate. The obtained result, repeated for all the columns, suggests 
that the improved number of features is mostly due to an improvement in the ionization 
process rather than a real gain in chromatographic separation.  When comparing different 
concentration of formic acid, it was shown a slightly increase of features number when using 
0.1% compared to 0.2% of formic acid. Apparently, weather the peak shape was slightly 
better with 0.2% formic acid, the intensity of the peaks was sometimes decreased, losing the 
detection of the less abundant compounds. Based on these results, we decided that 0.1% 
formic acid phase was the good compromise between separation improvement and effective 
ionization. Once chosen the best phase for the four columns, we proceeded with the 
evaluation of the chromatographic performances among the columns. The four columns 
were compared after a visual inspection of the MS/MS spectra, thus based on the number of 
compounds identified at level 3. As shown in the Venn diagram, the number of tentatively 
identified GLSs was higher for the 2 Kinetex in series compared to the other systems. By a 
visual inspection of the chromatograms it could also be observed that the Luna column and 
the 2 Kinetex showed the best results in term of peak shape and repeatability. The similar 
peak shape together with the slightly difference in the number of features obtained with the 
Luna column and the 2 Kinetex pose a question about the choice between these two 
chromatographic systems for the analysis of GLSs.  The obtained better result for the 2 
Kinetex columns it is likely due to the higher retention of two coupled columns in series 
rather than an effective interaction of the analytes and the stationary phase. Indeed, when 
comparing one column Kinetex with one column Luna polar, the number of the identified 
compounds is higher and the shape of the peaks is better in Luna column compared to 
Kinetex column. This could be due to the fact that, while the C18 chains provide 
hydrophobic interactions, a polar modifier on the Luna column particle surface enhances the 
retention of the highly polar compounds. Luna Polar C18, allowing a more balanced 
retention of polar and hydrophobic compounds, is considered to be suitable for a class of 
 99 Chapter 4:  Suspected approach and food quality 
compounds such as GLSs, showing both high polarity (due to the sulfate moiety) and high 
heterogeneity in terms of hydrophobicity due to the variability of the –R side chain and the 
possible acylation of the thioglucose. 
 
 
Figure 4.3: Table showing the number of repeatable tentatively identified features at 
confidence level 4 for all the conditions, Venn diagram showing the number of tentatively 
identified GLSs at confidence level 3 for four columns in the best chromatographic 
conditions, i.e. phases with HCOOH 0.1%. 
 
This would suggest that the coupling of two Luna columns could give much better 
performances then the coupling of two Kinetex columns. In general, coupling two columns 
could be advantageous for a complete and comprehensive profiling of a matrix. However, 
when dealing with a large number of samples, and, when the differences between column 
performances are so slightly, a system implying the use of a single column should be 
preferred, in order to reduce the time and costs of the analysis. Due to the purpose of Paper 
V, namely obtaining a comprehensive profiling of GLSs in cauliflower, however, the two 




The identification is the bottleneck of suspected approaches. Several information have to 
be taken into account for the unambiguous identification of compounds, in the absence of 
standards. In Paper III, IV and V the identification of polyphenols and GLSs has been 
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accomplished by means of the investigation of the acquired MS/MS spectra. In Paper III and 
V, the method resulted to show the best performances was used for a final accurate 
identification, whereas in paper IV for all the tested conditions a tentative identification was 
performed in order to give a reliable method comparison. 
In Paper III, on the basis of previous evaluations, the best chromatographic methods and 
mass spectrometric method was chosen for the identification. However, other settings 
needed to be optimized for each chemical class under investigation, since the mass-
spectrometric and fragmentation behaviour strictly depend on the molecular structure. In this 
regard, the compounds reported in strawberry extracts, mainly belonging to the chemical 
classes of flavonoids, phenolic acids, dihydrochalcones, PAs and ETs[115] were treated 
differently by use of different mass-spectrometric parameters.  
Flavonoids, usually present as glycoconjugates, show a particular behaviour in MS. The 
general trait of their mass spectra in full scan mode consists of ion signals corresponding 
both to the protonated glycosylated molecule and to the protonated aglycone formed during 
the ionization process. Some source parameters can promote in-source fragmentation before 
the ions reach the analyzer [97]. Because of this phenomenon the analysis of flavonoid 
glycoconjugates was performed with an NCE of 40 to break the glycosidic bond and obtain 
the aglycone residue. To investigate the structure of the aglycone, further acquisitions were 
performed with use of the source ion dissociation (SID) option and an NCE of 80. In this 
way, the glycoside group was removed before the ions entered the mass analyzer, allowing 
the aglycone moiety to be further fragmented to obtain a pseudo MS3 spectrum and elucidate 
its structure. Finally, the alignment between the standard mass spectra and the SID mass 
spectra allowed the complete structure reconstruction. 
The other two important classes of compounds found in strawberries are PAs and ETs. 
For these two classes, spectra were acquired in the m/z 500–1500 range under milder 
collision conditions (i.e., NCE of 20) to avoid loss of structural information. Moreover, an 
NCE of 20 was found to yield diagnostic ions similar to those in studies commonly found in 
literature, in which usually PAs and ETs are fragmented by CID. Identification of the 
phenolic compounds was based on the chromatographic behaviour, RT, accurate mass 
measurements, and MS/MS spectra. If authentic standards were not commercially available, 
the aforementioned parameters were compared with those in the MassBank database, the 
mzCloud database, and a homemade database; in all other cases, data were compared with 
literature data [115, 116]. Three identification levels were associated at each metabolite 
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according to Schymanski et al. [56]. On the contrary of previous works on strawberry 
profiling, the chromatographic and mass spectrometric optimization allowed the 
identification and tentative identification of 18 and 113 compounds respectively, including 
anthocyanins, other flavonoids, phenolic acids, PAs, and ETs.    
Whereas in Paper III a comprehensive metabolic profiling of strawberry was 
accomplished, the aim of Paper IV was giving a reliable comparison of 4 systems. Therefore, 
the identification step, in this case, was carried out using a single acquisition for the analysis 
of all the classes of compounds present in strawberry. The acquisition consisted in a DDA 
acquisition mode, in the range 100-1000 m/z with a NCE 80. Using a NCE of 80 for all 
compounds, the typical fragments of ETs and PAs were not found. However, the 
identification was carried out exploiting the information obtained by the in source fragments 
found in the MS spectra. The best chromatographic condition, i.e. in series 2.6 μm particles 
sized packed columns (c), provided the largest number of identified compounds including 
anthocyanins, dihydrochalcones, dihydroflavonols, dihydroflavanols, flavanones, flavan-3-
ols, PAs, and ETs. Also in this case identification levels according to Schymanski were 
assigned to the tentatively identified compounds (Figure 4.2). 
In Paper V, on the basis of previous evaluations, the best chromatographic methods and 
mass spectrometric method was chosen for the identification. GLSs consist of a common 
glycone group and a variable aglycone side chain (R1). The glycone is characterized by a 
sulfonated oxime group and a thioglucose that can be conjugated to some acyl groups (R2) 
namely phenolic acids such as cinnamic acid, coumaric acid, etc. Due to the presence of a 
sulfonate moiety, glucosinolates, naturally occur in anionic form as [M-H], thus being 
identified in negative mode. Typical MS fragmentation patterns of glucosinolates have been 
widely investigated in CID [102, 104, 117], showing the presence of both product ions 
common to all GLSs and  highly specific fragments due to the variability of the side chain 
(R1) and of the acyl group (R2). The major common fragmentation pathway [117] includes 





m/z 97, 139, 129, 136, 80, 75, 154, respectively. The three most intense ions (97, 75, 80) 
typical of the GLSs fragmentation pattern were used for a rapid screening of features in the 
step of columns comparison. Once chosen the best system, consisting of two Kinetex 2.6 in 
series, a deeper investigation on GLSs structure was carried out. Features selected by the 
rapid screening were studied and fragments resulting specific of the R1 or R2 side chains of 
GLSs were searched in the MS/MS spectra. GLSs were identified at different levels of 
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confidence: level 1 was associated to compounds identified by comparison with an authentic 
reference standard, level 2 was associated to compounds tentatively identified by means of 
typical MS/MS fragments already reported in the literature[102] (fragments derived from 
the R1 or R2 side chain), level 3 is associated to compounds that show some informative 
fragments, not already reported, or not enough specific to tentatively identify the compound 
but, sufficient to recognize the class the compound belongs to (level 3a and 3b if they could 
be associated to non-acylated or acylated GLSs, respectively.)  On the contrary of previous 
works, in which a maximum of about 30 GLSs was found at the same time[28], in this work 
we could tentatively identify (at level 2, 3a and 3b)  51 GLSs, 24 of which have never been 
identified in cauliflower. This result show how a careful evaluation of the chromatographic 





Paper III, IV and V were focused on different aspects of the method optimization. As it 
was shown, several parameters have to be taken into account when performing a suspected 
or an untargeted screening. Firstly, the sample preparation should be simple in order to avoid 
eventual loss of metabolites and, at the same time, suitable for the extraction of the widest 
range of compounds. Secondly, as shown in all the presented papers, the chromatographic 
behaviour strictly affects the detection of compounds, therefore, phases, gradient, 
temperature should be optimized in order to achieve the best separation of the compounds 
present in a complex mixture. Thirdly, several factors have to be taken into account 
considering the coupling of the chromatographic system to the ESI source to allow an 
effective ionization, such as phases, as it was shown in Paper III and Paper V. Fourthly, the 
right chromatographic parameters and mass spectrometric parameters have to chosen to 
obtain the better outcome from the coupling of the separative instrumentation and the 
detector, such as the minimum number of data points or the number of fragmented 
precursors, as shown in Paper III. Fifthly, when dealing with different classes of compounds, 
particular attention has to be paid on the mass spectrometric parameters in order to allow the 
best fragmentation performances, as shown in Paper III and Paper V. Moreover, two main 
considerations can be done: an evaluation of the real system is always preferable compared 
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to an evaluation on a simulated systems such as a mixture of standards, as shown in Paper 
IV; a compromise between performances of the system and time and cost consume has 
always to be taken into account, of course depending on the aim of the study.  
As clearly shown, the complexity of the food matrix, together with huge diversity of the 
metabolites in term of chemical properties pose serious difficulties in the accomplishment 
of a comprehensive metabolic profiling. Moreover, the lack of available databases and mass 
libraries on natural products, and software, adds major difficulties.  However, several 
improvements in the techniques, and in the available software is showing the increasing 
potentialities of suspected approach for metabolic profiling (see also Appendix). 
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2 Paper III  
 
 
Comprehensive polyphenol profiling of a 
strawberry extract (Fragaria × ananassa) by ultra-
high-performance liquid chromatography coupled 
with high-resolution mass spectrometry  
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3 Paper IV  
 
 
Evaluation of column length and particle size effect 
on the untargeted profiling of a phytochemical 
mixture by using UHPLC coupled to high-
resolution mass spectrometry. 
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4 Paper V: 
 
 
Chromatographic column evaluation for the 
untargeted profiling o f glucosinolates in 
cauliflower by means of ultra-high performance 
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1 Untargeted analysis for nutritional biomarkers 
discovery 
The third section of the thesis concerns the application of a typical untargeted approach 
for the identification of nutritional biomarkers. In the next paragraphs, a work about the 
identification of intake biomarkers after meat and dairy products consumption will be 
presented. The issue under investigation has been treated by means of an untargeted analysis, 




As already discussed, several epidemiological studies have reported that diet is strictly 
related to certain diseases (Chapter 2, paragraph 5.3). However, proving a causal relationship 
diet-disease is particularly difficult. Indeed, quantitative assessment of food intake is usually 
accomplished by the use of food frequency questionnaires, 24-h recalls, and weighed food 
diaries [118, 119]. These methods resulted to be very imprecise due to their subjective 
nature[118–120], providing only moderately reliable information and not allowing to 
certainly prove diet-disease relationships. Dietary biomarkers have been shown to be a 
powerful tool for the assessment of dietary exposure in clinical and observational studies 
[68, 121]. However, the detection and identification of a reliable biomarker is a particularly 
difficult issue requiring that, study design, time of sampling and analytical method are 
correctly set and, overall, that data analysis allows the selection of a biomarker fulfilling 
some specific validation criteria. On the presented work, a data analysis workflow was 
developed to identify valid and reliable meat and dairy intake biomarkers.  
The interest in assessing meat and dairy intake biomarkers is due to the evidence that red 
meat intake has been associated to increased risk of colorectal cancer [122], cardiovascular 
diseases[123], type 2 diabetes[124] and mortality[123]. However, a causal relation between 
red meat consumption and negative health outcomes is still controversial[125] because of 
the difficulty in the identification of reliable meat intake biomarkers [126]. Indeed, meat 
source and cooking methods strictly affects meat composition, moreover, the composition 
of meat is very similar to that of human proteins as well as that of other foods rich of proteins. 
As consequence, it is particularly difficult to distinguish between metabolites derived from 
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endogenous proteins or other protein-rich foods and metabolites derived from meat. In this 
work, an untargeted metabolomics workflow was developed in order to identify and 
distinguish specific and reliable meat and dairy intake biomarkers.   
 
 
1.2 Study design 
Firstly, in order to identify reliable dairy and meat intake biomarkers, a proper study 
design should be set. The cross-over intervention study is the most robust intervention study, 
because in the data analysis step each subject is the control of himself, thus avoiding any 
eventual effects due to the individual variability. Therefore, 17 men and women were 
recruited and the study was performed as a randomized, controlled, cross-over single meal 
intervention with 2 study periods of 1 day and a wash-out period of 7 days between periods.  
The two periods consisted of a test day where subjects were served with either a test meal 
with high content of milk protein or a test meal with high content of meat protein in 
randomized order.  Twenty-four hours before and after the intervention visits subjects were 
asked to restrain from ingesting similar dinner meals.  
Prior to and after the test meal, four urine samples were collected: (1) from 24 hours prior 
the intervention visit (T 0), (2) from 0 until 2 hours following intake of the test meal (T 0–
2), (3) from 2 until 4 hours after the test meal (T 2–4), and (4) during the rest of the day for 
24 hours (T 4–24).  
 
 
1.3 Chromatographic and mass spectrometric method 
Urine samples were centrifuged and diluted in a volume ratio 1:1 with aqueous 5% 30:70 
(v/v) ACN:MeOH containing a solution with 7 Internal Standard as previously described 
[127]. Attention has to be posed when performing an untargeted analysis, in order to control 
the quality of the analytical platform and consequently the reliability of the obtained data. 
Therefore, an external metabolite standard mixture with 44 different compounds [127] and 
pooled samples, containing equal amounts of all urine samples analyzed, were prepared and 
added to separate wells on all plates for subsequent control of batch drift in the data analysis. 
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Moreover, to minimize intra-individual variation due to plate differences, samples from the 
same person were randomized within one plate.  
The urine samples were analyzed on an Acquity UHPLC coupled through ESI to a 
orthogonal acceleration Premier qTOF mass-spectrometer. The chromatographic separation 
was accomplished in reversed phase on a HSS T3 C18 column as described previously [127]. 
A full scan acquisition in both positive and negative polarity modes was done. Blanks and 
external metabolomics standard mixtures were injected after every 30 samples, the pooled 
samples were injected every 50 samples.  
 
 
1.4 Data analysis 
The obtained data needed a pre-treatment step as explained before (Chapter 4, paragraph 
1.3). The features obtained with MZmine software were imported into Matlab® and further 
filtered. Features present in the blank,  features early or late eluting, features with low 
intensity were excluded [128]. A further correction to remove inter-batch variation was 
carried out. Finally, features were assigned as one unique feature group if they had good 
correlation coefficients. The pre-treatment step was necessary in order to obtain a final 
number of possibly reliable metabolites.  
Once selected the compounds, the metabolites discriminating between the two diets had 
to be selected. In order to achieve this goal, two different statistical approaches were applied. 
The univariate analysis on the urine samples collected before the test meal (T 0), during the 
first 2 (T 0-2), 4 (T 2-4) and 24 hours (T4-24) after the test meal was applied in order to 
identify the features significantly different between the two meals and with a proper 
excretion profile over the 24 hours[129]. The multivariate data analysis on the pooled 24-
hours urine samples was applied because twenty-four hours urine are usually the preferred 
samples to monitor food intake in observational studies. Moreover, two different 
multivariate data analysis approaches were compared on the 24 hours urine: Partial Least 
Square-Discriminant Analysis (PLS-DA)[130] and Multilevel Partial Least-Squares 
Discriminant Analysis (ML-PLSDA) [131]. The use of these two different multivariate 
methods allows to distinguish those markers that are not affected by inter-individual 
variation (PLS-DA) from those that are affected from the different individual response of 
each subjects (ML-PLSDA). Compounds resulting significant for discriminating the two 
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diets from univariate data analysis and at least one of the two multivariate approaches have 
been selected as intake biomarkers. However, since the purpose of the study was the 
achievement of a list of reliable biomarkers, a further and deeper investigation was carried 
out to select those metabolites resulting even more robust.  
Once the features were selected as possible biomarkers, their excretion profiles were 
visually inspected and metabolites classified based on their kinetics: 1)early and fast 
biomarkers, those markers that are excreted right after the consumption and quickly within 
the 24 hours after the consumption; 2) early and slow biomarkers, those excreted after the 
consumption but reaching the baseline in more than 24 hours; 3) late and slow biomarkers, 
those excreted at least after 2 hours after the consumption and reaching the baseline in more 
than 24 hours. Moreover, only the features which clearly increased after the intake of one 
specific meal were kept for further investigation. The rest of the features were removed 
because the excretion of the metabolites increased over the time in both groups that means 
they were present in other food than the test meal. Figure 5.1 shows some typical excretion 
kinetics profiles.  
 
Figure 5.1: excretion kinetics of A) a level 1 biomarker, B) a level 2 biomarker, C) a level 
3 biomarker, D) an excluded biomarker. 
 158 Chapter 5: Untargeted approach and nutrition 
Whereas the kinetics classification is useful from a practical point of view (knowing the 
collection time of the markers), the last constrain is essential in order to select only specific 
biomarkers, i.e biomarkers not deriving from the intake of food other than that ingested 




1.5 Identification  
Once selected the candidate biomarkers, the final investigation was carried out. Firstly, a 
search within an in-house database, containing retention time information and MS spectra 
of reference substances, was carried out. Secondly, for unknown compounds MS/MS 
fragmentation experiments were conducted in product-ion scan for their structural 
characterization. The CID was set to 10, 20, and 30 eV to obtain a comprehensive 
fragmentation pattern.  Thirdly, searches of the fragments and parent ions were performed 
on different databases such as Human Metabolome Database, Metlin, Chembank, 
Chemspider, mzCloud and similar websites. Lastly, some of the metabolites were confirmed 
with authentic standard compounds. Whether the standards were not commercially available, 
they were chemically or biologically synthesized. The intake biomarkers were classified as 
level I-IV in accordance with the criteria established by Sumner et al. as a standard for 
metabolomics investigations[53]. Briefly, level I was assigned to compounds matched to 
standards: level II was assigned to compounds matched to a MS/MS spectrum published in 
the literature; level III was assigned to compounds identified at the level of compound class 
and level IV was assigned to unknown compounds. The resulting biomarkers are reported in 
Table 5.1 and Table 5.2 for meat and dairy biomarkers, respectively, together with the 
suggested identity, the identity confidence level, the significance at the multivariate data 
analysis and the kinetics level. 
The found biomarkers were searched in the literature to verify their plausibility as meat 
or dairy biomarkers. Three detected metabolites, in particular Carnosine, Taurine and 
Creatine, have been already found as meat intake biomarkers[126]. Tyramine-O-sulfate, and 
phenyl lactic acid instead, has been already found as dairy biomarker[132]. Moreover, 
several di or tripeptides have been found such as Hydroxyprolyl-Proline, Prolyl-
hydroxyproline, Valyl-Proline, Pyroglutamyl-Proline, Leucyl-proline, Leucyl-
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Hydroxyproline. Di/Tripepetides are an incomplete breakdown product of protein digestion 
or protein catabolism, therefore, they can likely be related to the consumption of protein-rich 
foods. These dipeptides have not yet been identified in human tissues or biofluids. Other 
found metabolites can be correlated to other metabolic pathways such as 3-Hydroxy-2-
methyl-butanoic acid (HMBA), that is a normal urinary metabolite involved in the isoleucine 
catabolism[133]. Other found metabolites have not been correlated to any particular 
metabolic pathway such as Methoxysalicylic acid or p-hydroxyphenylacetic acid that can be 
found throughout all human tissues and biofluids. 
 
Table 5.1. Markers of meat-based meal 
 
Whereas some of the found metabolites showed some metabolic pathways that could, 
possibly, be linked to the metabolism of meat and dairy intake, other found metabolites have 
been correlated to other sources. Thiacremonone, for instance, is formed in the Maillard 
reaction of  4-Hydroxy-2,5-dimethyl-3(2H)-furanone, that is a compound found in 
strawberry. P-hydroxyphenylacetic acid can be found throughout numerous foods such as 
Olives, Cocoa beans, Oats, and Mushrooms. Phenylacetylglycine, that is an acyl glycine, 
could be a minor metabolites of fatty acids but also of fruits and vegetables[133].  
 
 
Metabolite ( Level identification) Molecular 
formula 
MLPLSDA PLSDA Excretion 
kinetics 
carnosineI C9H14N4O3  * * 1 
taurineI C2H7NO3S  *   2 
creatineI C4H9N3O2  * * 2 
Hydroxyprolyl-ProlineIII C10H16N2O4  * * 3 
Prolyl-HydroxyprolineII     C10H16N2O4  * * 3 
thiacremononeIV C6H8O3S  *   3 
Leucyl/Isoleucyl-HydroxyprolineIII C11H20N2O4  * * 3 
Hydroxyprolyl-Leucine/IsoleucineII C11H20N2O4  *   1 
Pro-Phe-GlyII C16H21N3O4  * * 3 
acetyl leucineIV C8H15NO3    * 2 
unknownIV  C10H9NO5   * 2 
unknown IV   *   1 
methoxysalicylic acid sulfate II C8H8O7S  * * 2 
Unknown sulfateIV C18H24SNO7  * * 2 
unknownIV  C12H19NO3 * * 2 
Unknown sulfateIV C18H23SNO7  * * 2 
Erythronilic acid IV C5H10O3  * * 2 
 160 Chapter 5: Untargeted approach and nutrition 
Cyclohexane carboxilic acid glycine and glutamine hydroxyphenylacetic acid have 
already been found as biomarkers of strawberry[134] and plums respectively, suggesting 
they are not specific of the dairy intake. Trimethylphenol is used as a food additive like 
flavouring ingredient[133].  
 
Table 5.2. Markers of dairy-based meal 
Metabolite ( Level identification) Molecular 
formula 
MLPLSDA PLSDA Excretion 
kinetics 
unknownIV  * * 3 
tyramine sulfateI C8H11NO4S * * 2 
Valyl-ProlineII C10H18N2O3 *  1 
 unknownIV C14H17N3O4S  * 3 
 unknownIV C10H19NO3 * * 2 
Pyroglutamine prolineII C10H14N2O4 *  3 
glutamine hydroxyphenylacetic acid II C13H16N2O5 *  3 
 Ile/Leu-ProlineII C11H20N2O3 * * 2 
4-hydroxyphenylacetic acid sulfateII C8H8O6S * * 3 
 unknownIV C13H17NO3 * * 2 
 unknownIV C13H17NO3  * * 2 
unknownIV   * * 2 
4-hydroxyphenylacetic acidI C8H8O3 *  1 
PhenylacetylglycineI C10H11NO3 * * 1 
 unknownIV C18H26N2O4 * * 2 
phenyllactic acidI C9H10O3 * * 2 
Cyclohexane carboxilic acid glycineI C9H15NO3 *  1 
 unknownIV  * * 2 
3,5-dimethylphenol sulfateI C8H10O * * 3 
Trimethylphenol sulfateIII C9H12O * * 3 
 
The literature research is important to evaluate the plausibility of the tentatively identified 
biomarkers. Some of the found information suggest that some biomarkers are correlated to 
other kinds of food, and thus they cannot be considered as specific and robust biomarkers. 
However, before stating such conclusions, a definitive identification by means of the 
synthesis of the proper standards and the confirmation of retention times and fragmentation 
should be accomplished. Moreover, more reliable studies should be carried out to observe 
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1.6 Conclusion 
 
As it has been shown, several aspects of the untargeted workflow should be considered 
to allow a reliable biomarker detection and identification. Firstly, a robust study design 
together with a suitable sample collection is needed. Secondly, a proper sample analysis 
should be carried out, checking the method quality and stability over the time. Thirdly, a 
strong data analysis should be carried out. In this section, all the aspects related to the 
development of an untargeted approach have been treated but, particular attention has been 
posed on the data analysis and the metabolites identification. The combination of the 
univariate and multivariate data analysis allowed to obtain a list of reliable biomarkers. 
However, by a deeper investigation on the kinetics profiles, it was possible to find some 
markers deriving from the consumption of other kinds of food. Therefore, only those markers 
being specific of the dairy either meat based diet were selected. Moreover, the identification 
step allowed to select the markers that showed a reasonable biological meaning. Finally, the 
comparison between PLSDA and ML-PLSDA allowed to distinguish those markers that are 
not affected or affected from the different individual response.  
Information like the plausibility of a biomarker, its specificity, its dependence on the 
individual response, its kinetics of excretion, are necessary for the choice of the suitable 
biomarker in the observational and epidemiological studies on diet-disease relationship 
investigation. In this thesis, it was shown how data analysis and identification are essential 
to obtain these information and then to identify a reliable biomarker. However, further 
improvements in data analysis tools and in the availability of complete databases are needed 




 The study on meat and dairy intake biomarkers identification (MEDA study) has been 
carried out during six months of visit at the University of Copenhagen (Denmark) under the 
supervision of Prof. Lars Ove Dragsted. MEDA study was supported by grants from the 
Danish Dairy Foundation and from the Danish Meat Research Institute. 
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Conclusions 
 
As shown in the previous sections, several aspects should be taken into account when 
analyzing complex matrices like food by means of different approaches. Sample preparation, 
chromatographic and mass spectrometric methods and data analysis have to be treated in 
different ways based on the purpose of the analysis.  
Whereas in targeted methods sample preparation should be as selective and specific as 
possible towards the few analytes of interest, in suspected and untargeted methods it should 
be comprehensive enough to extract the whole class under investigation or the whole 
metabolome, respectively. For this reason, targeted approaches mainly focus on the 
development of a proper sample preparation, clean-up and enrichment, in order to identify 
and quantify a specific class of analytes. Of course, several aspects related to sample 
preparation have to be considered: recoveries, time, costs, and applicability to different 
matrices or to a wide range of diverse compounds. The overall process efficiency of the 
developed method has to be a compromise between performance and application easiness 
and rapidity.  
The chromatographic and mass spectrometric method optimization is of course the key 
step in both the targeted and suspected/ untargeted approaches. However, whereas in the first 
case the method should be optimized for the few analytes of interest, in the suspected and 
untargeted approaches should be, again, suitable for the analysis of a wide class of 
compounds. The method optimization for a small class of compounds is of course easier 
compared to a large class of compounds, that is the reason why few chromatographic 
methods evaluations in suspected and untargeted approaches analysis have been published 
so far. However, a chromatographic evaluation on the real system is always preferable 
compared to an evaluation on a simulated systems such as a mixture of standards. The 
chromatographic behaviour strictly affects the detection of compounds, therefore, phases, 
gradient, temperature should be optimized in order to achieve the best separation of the 
compounds present in a complex mixture. Also, the coupling of the chromatographic system 
to the ESI source and to the mass spectrometer have to be considered. The right parameters 
in order to have an effective ionization, detection and fragmentation should be chosen. Even 
in this case, optimizing mass spectrometric parameters for a few analytes is different 
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compared to a huge range of analytes. Therefore, some completely different methods are 
applied in targeted and suspected/untargeted approaches. For instance, considering the mass 
spectrometric acquisition, MRM and DDA are usually carried out in targeted and suspected 
analysis, respectively. In untargeted analysis, instead, DDA acquisition or two steps 
workflows, i.e. full scan acquisition and then selected ions fragmentation, are carried out. 
Therefore, also in this case, the different purposes of the analysis imply some differences in 
the way the analytical method is developed.  
Finally, the data analysis and identification step is a particularly though issue. Luckily, 
targeted approaches do not suffer from the difficulties of the time consuming data analysis 
step that suspected and untargeted approaches have to face. Indeed, whereas in targeted 
analysis the compounds to analyze are already known, in the case of suspected and, mostly, 
untargeted approaches the data analysis and identification result the major bottlenecks. 
Whereas in the suspected approach the only difficulty is in the identification of a wide range 
of “expected” compounds, in untargeted approach both the step of the selection of the 
markers of interest and the step of their identification require efforts and time. Further 
improvements in data analysis tools and in the availability of complete databases are needed 
in order to simplify the suspected and untargeted workflows and making them more 
accessible to a wider researchers community.  
In conclusion, food science finds in mass spectrometry a powerful tool for food safety 
and quality assessment and for studies on nutrition. Several approaches are available and can 
be exploited to accomplish different aims. The advantages of each approach can be exploited 
based on the purpose of the study like, for instance, targeted for the quantification of traces 
of contaminants in foods, suspected for metabolic profiling of food bioactive compounds, 
untargeted for nutritional biomarkers discovery. Of course, whatever approach is used, a 
previous method development and optimization is necessary to obtain the best results.  
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